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ABSTRACT 
Road maintenance has been growing in the United States and brings a variety 
of challenges to the transportation profession. Work zone congestion is one of the 
most important factors contributing to the delay and safety of freeways. Many con-
trol methodologies have been applied to work zones in order to reduce freeway con-
gestion and delay. One means of control is ramp metering, which has been deployed 
since 1963 in the United States and has proven to be successful. This thesis’ objec-
tive is to evaluate and simulate the effect of ramp metering on freeway work zones; 
traffic performance measures such as delay, speed, and number of stops are used for 
the evaluation. A literature review showed that a main factor contributing to the 
freeway work zone delay is a high percentage of commercial trucks. According to 
the Missouri Department of Transportation (MoDOT), the truck percentage (term 
used by HCM to refer to percentage of truck in the total traffic volume) on Missouri 
freeways is 20% to 40%. Due to the role of truck percentage in work zone perfor-
mance, effectiveness of ramp metering in work zone control is evaluated with dif-
ferent truck percentages. The lane configuration for all the studied sites work zones 
was 2 lanes to 1 lane, because it‘s frequency in real-world applications. According to 
MoDOT, the 2-1 work zone configuration capacity is 1240vph. In the evaluation of 
ramp metering in work zones, the traffic volumes investigated were less than, equal 
to, and more than capacity (650vph, 1240vph, and 1854vph). Mainline (a link used 
for trough traffic) truck percentage and ramp truck percentage varied from 10% to 
  
x 
 
40%, and 10% to 20%, respectively. As a result, a total of 8 cases were created and 
simulated using VISSIM traffic simulation software.  
Data from five work zone sites on I-70-Columbia and Highway 63 were col-
lected between 7 pm to 9 pm, with and without a ramp meter. The volume, speed, 
vehicle type, and braking vehicle counts were collected from multiple high definition 
cameras. The real world data from the sites was used in the calibration process of 
driving behavior parameters in VISSIM. The results showed that metering a ramp in 
a work zone improved the overall traffic performance for high volume conditions, 
especially when mainline volumes exceeded capacity. For low volume conditions, 
ramp metering is not recommended as it resulted in an overall increase in travel de-
lay. 
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 CHAPTER 1. INTRODUCTION 
 Work zones are one of the factors causing delay to surface transportation, 
especially on freeways according to Jiang (2001). The traffic flow distribution and 
delay at work zones are caused by lower speed and capacity in a section of freeway 
in comparison to other sections. Delay causes reduced speeds in the work zone area 
as well as causing queues. Many factors affect work zone capacity and mobility on 
freeways. According to Washington State Department of Transportation, ramp me-
ters should be installed in situations when freeway has high volume or is very busy. 
Chaudhury et al. (2000) reported that ramp metering reduces travel time and number 
of accidents, and increases safety by diverting traffic into arterial and breaking pla-
toons entering freeway.  
 Based on a study by Piotrowicz et al. (1995), many controlling methodolo-
gies have been deployed to increase mobility and capacity in freeway, such as varia-
ble message sign (VMS), variable speed limit (VSL), and ramp metering control. 
Ramp metering is a stop-and-go traffic signal controls vehicles entering into a free-
way. It is a freeway control method for reducing delays and queues and has been in-
creasingly deployed in all over the United States. Ramp metering was first deployed 
in North America in 1963 in Chicago and had successful results.   
 In 1968, over 800 ramp meters were deployed in Los Angeles, including 23 
metropolitan areas. These metering systems varied from a fixed time operation at a 
single ramp to computerized control of every ramp along many freeway kilometers.  
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The number of meters has since increased from 1600 to over 2300, an in-
crease of 45 percent. Ramp metering increases freeway speed and volume after peak 
period, and it significantly improves mainline movement by decreasing delay. The 
longer the trip the more the benefit from metering; According to Arnold (1998) the 
accident rate decreased 15% to50% and travel speed increased 16%to 62%, travel 
time decreased 20% to48%, and fuel decreased 41%. Benefit/cost analysis of ramp 
metering indicated that the metering significantly improved traffic performance. 
In order to improve highway safety and mobility many methodologies have 
been tried. Ramp metering is one of the efforts toward improvement in freeway effi-
ciency and safety (Wu 2001). Ramp metering controls vehicles when entering free-
ways to decrease congestion or improve capacity on the mainline and also reduces 
other negative impacts of ramp traffic such as rear-end and side-swipe crashes. 
Ramp metering also reduces fuel consumption, travel time, and delay. Although a 
ramp might have increased vehicle travel time, the overall system travel time de-
creases because of the higher volumes on the mainline. Another study by Zhang and 
Levinson (2003) of five cities in the U.S. showed that ramp metering increased av-
erage speed and decreased travel time. The traffic performance measures included 
traffic volume, throughput, travel time, delay, safety, emission, fuel consumption, 
and public perception. When meter was off, traffic volume reduced 9% on the free-
way with 14% on the mainline. The travel time of 25,121 hours were saved annually. 
Travel time doubled without the meters. Meter produced annual reduction of 2.6 
million hours of delay. Safety measurement of ramp meter resulted with an annual 
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saving of 1,041 crashes or 4 crashes per day. Ramp meter decreased crashes by 26 
percent. This also included 5.5 million gallons of fuel or 1160 tons of emission sav-
ing. 
1.1. Motivation and Objective 
The main goal of the study is to evaluate the effect of ramp metering on mo-
bility in work zones. Many researches have proved the benefits of ramp metering on 
freeway performances such as increased safety and mobility. Metering increased 
traffic movement of the network on the mainline and increased safety, decreased de-
lay times, and fuel consumption. In order to control and regulate the traffic move-
ment in freeway work zone, this study considered to evaluate ramp metering at five 
work zone sites along I-70 in Columbia, Missouri. The study aims to consider the 
contributing factors which effect traffic mobility and capacity. Metering is applied on 
the mentioned work zone sites and simulation models are used to examine its effects 
for various traffic scenarios.  
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 CHAPTER 2. LITERATURE REVIEW 
2.1. Metering  
According to the Washington State Department of Transportation (WSDOT) 
Ramp meters are stop-and–go traffic signal through which the frequency of vehicles 
entering to traffic flow of the freeway is controlled.” Ramp meter installation de-
creases the number of accidents and travel time for the traveler. Meters induce a 4-15 
seconds of delay between vehicles entering freeway. In doing so disturbance and ac-
cidents, are decreased and thus average speed increased. 
Figure 2-1 illustrates the concept of ramp metering. The white line crossing 
the ramp represents where cars are to stop when the signal is red. When the signal is 
green, cars are then permitted to merge onto the freeway. When there is High Occu-
pancy Vehicle (HOV) bypass lane at the ramp then buses and car pools have the right 
of way. Most of ramp meters are installed on the freeways with high volume or on 
the busiest highways. Typically, ramps are metered from 6 a.m. to 9 a.m. and from 3 
p.m. to 7 p.m. which can be various according to traffic circumstances. 
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The meter controls the ramp vehicles which enter in a simultaneous manner 
into the freeway and reduce vehicle backup; this reduces accidents caused by merg-
ing at the same time. According Chaudhury and Messer (2000), to improve highway 
safety and mobility, transportation professionals have been examining different 
Figure 2-1: one lane ramp meter control deployment concept  
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methods. Ramp metering is one of the efforts toward improvement in freeway 
productivity and safety. Vehicles entering the freeway by ramp are controlled with a 
ramp meter to decrease congestion or improve capacity on the mainline and reduce 
other negative impacts of the ramp traffic such as rear-end and side-swipe crashes. 
Ramp meters deployed in the ramp are essentially traffic signals which regulate the 
vehicle entrance rate into freeway. Ramp meters address the challenges such as con-
trolling freeway vehicle, reducing demand, breaking up the platoons, and reducing 
mainline congestion. Ramp metering helps drivers to avoid crashes by breaking up 
platoons of entering vehicles. Ramp meters also reduce fuel consumption and emis-
sion. 
Meters increase ramp vehicle travel time but decreases the mainline vehicle 
travel time which results in a decrease of whole system travel time. Ramp metering 
application in work zones is one of the ways to reduce congestion and remove bottle-
necks.  
2.1.1. Ramp Meter Strategies Based on Time 
Ramp meters are divided into two types based on time control strategies: (1) 
local (isolated) control, where metering rates depend on traffic condition of both 
ramp and mainline and (2) system-wide (coordinated) control. Three types of these 
strategies are defined below. 
2.1.2. Single-Lane One Car per Green 
One vehicle per green in each signal cycle is allowed to enter freeway traffic. 
The signal cycle length should be sufficient for letting each vehicle stop completely 
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before the following starts. Minimum signal cycle length for the ramp meter is 4 se-
conds with 1 second for green, 1 second for yellow, and 2 seconds for red, which 
produces 900 vph capacities.  
2.1.3. Single-Lane Multiple Cars per Green 
Two or more vehicles per green are called a bulk or platoon. The research 
showed that contrary to the assumption, platoon metering does not produce a high 
increase in capacity over a single lane-one-car-per-green scenario.  
 
             Table 2-1: Ramp Meter Capacity Based on Signal Cycle plan   
 
 
 
 
 
 
 
 
Interval times(sec) 
Interval  
Vehicle per Cycle 
1 2 3 4 5 6 
Red 2 2 2.32 2.61 2.86 3.08 
yellow 1 1.7 2 2.22 2.41 2.58 
Green 1 3.37 5.47 7.35 9.13 10.83 
Cycle Length  4 7.08 9.78 12.19 14.4 16.49 
Meter Capacity 900 1017 1104 1181 1250 1310 
Metered Ramp 
Pavement widths 
Traveled way 
shoulder 
Inside Outside 
One Lane 3.6 m(12ft) 1.2m(4ft) 2.4m(8ft) 
two lane 7.7m(24ft) 1.2m(4ft) 2.4m(8ft) 
Three Lane 10.8m(36ft) 0.6m(2ft) 0.6m(2ft) 
Table 2-2: Metered Ramp Pavement widths     
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2.1.1. Dual-Lane Metering 
In a dual metering strategy, the meter is located on the ramp that requires two 
lanes. The controller works alternatively for each lane meter cycle. The cycle’s syn-
chronization status depends on the controller being used. The green signals are timed 
for a constant headway between vehicles from both lanes.   
Dual-lane metering is able to provide capacity ranges of 1600-1700 vph. This 
metering strategy delivers more storage space for queued vehicles. 
2.1.2. Metering with Queue Override 
According to Department of California Highway Patrol (2000), if a freeway, 
having upgrades of 3% with 3 or more axles on trucks or the volume reaches 1500 
vph, then the length of auxiliary lane should be 1000 feet or more. In order to ignore 
the queue on ramp when the volume reaches above 500vph, the two lane-ramp-meter 
lane is preferred. A 30 foot vehicle space should be considered when designing 
storage on metered ramp. The signal or meter location minimum is 76 ft (23 m) from 
the gore point, where ramp vehicles merge into the freeway. Based on Piotrowicz 
and Robinson (1995), the first ramp meter in North America was installed in Chica-
go on the Eisenhower expressway in 1963. It proved to be successful by improving 
the expressway traffic performance. Since then metering deployment was used in 
areas such as Los Angeles, the Pacific Northwest, and Minneapolis. The results 
showed that ramp metering improved traffic performance by reducing delay, and in-
creasing average speed. The installation of ramp metering improved traffic flow es-
pecially on the mainline. The case studies at different states showed that metering 
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ramp increased speed, by reducing delay travel time, and stop and goes. Also it 
helped in leveling the mainline peak demand which usually caused mainline flow 
breakdown.  
A study by Arnold (1998) conducted by Central Costa Regional Transporta-
tion Planning Committee on ramp metering, evaluated the effect and benefit of a 
metering system. The study selected a single ramp metering scenario. Results 
showed that the ramp metering increased freeway speeds and volumes mostly in af-
ter peak hours; however, the peak period and other times of high congestion was not 
significant. Mainline delay decreased, but ramp delay increased. The ramp queue 
does not affect adjacent intersections. Longer freeway trips benefit the most from 
ramp metering. The mainline average speed in most scenarios improved 1 to 5 mph. 
The benefit of ramp metering is limited when the congestion is high on mainline. 
According to the study’s conclusion, there were operational benefits of metering as 
shown in the following Table 2-3.  
Table 2-3: Metering Impacts on freeway performance 
 
Measure Impact Of Freeway Management 
Travel Time Decrease 20%-48% 
Travel Speed Increase 16%-62% 
Freeway Capacity Increase 17%-25% 
Accident Rate Decrease 15%-50% 
Fuel Consumption Decrease fuel used in congestion 41% 
Emissions (Detroit Study) Decrease CO emission 122,000 tons an-
nually 
 Decrease HC emission 1,400tons annu-
ally 
 Decrease NOx emission 1,200 tons an-
nually 
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Another study of five cities in US showed that ramp metering increased average 
speed and decreased travel time as follow: 
Table 2-4: Metering effect on freeway speed by states 
cities Speed before Speed After Change in 
Speeds Travel time Accidents Volumes 
Portland 16mph 41mph +25mph -61% -43% NA 
Minneapolis 34mph 46mph +12mph NA -27% +32% 
Seattle NA NA NA -48% -39% +32% 
Denver 43mph 50mph +7mph -37% -5% +62% 
Long Island 29mph 35mph +6mph -20% NA 0 
 
 The study of Cambridge Systematics (2001) on ramp metering covered its 
effect on costs and benefits, impact on surface traffic operations, and public attitude 
toward metering systems. The four corridors were studied with and without ramp 
scenarios. Data were collected for five weeks with and without the use of meters. 
The performance measures included traffic volume –throughput, travel time, delay, 
safety, emission, fuel consumption and public perception. In the benefit /cost analy-
sis without metering, there was an average of 9% traffic volume reduction on the 
freeway and 14% on the mainline. With metering, an annual travel time saved by 
25,121 hours. Delay increased two times without metering. Metering produced an-
nual delay reductions of 2.6 million hours. Safety measurement of ramp meter pro-
vides annual saving of 1,041 crashes or 4 crashes per day. Ramp metering decreased 
crashes by 26%. This also included 5.5 million gallon fuel or 1160 tons of emission 
saving.  
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A study by Levinson and Zhang (2006) used the above Twin City data to 
compare the metering effectiveness by seven performance measures: mobility, equity, 
productivity, consumer surpluses, accessibility, and travel time variation and travel 
demand. Mobility and equity of the origin-destination (OD) trip matrices was aver-
aged. The coefficient of concentration used in economic studies is used to analyze 
income inequalities. The results showed that metering is effective. The relationship 
between mobility and equity with and without ramp meters was estimated. The re-
sults were the same trend for four sides, yet results worsen as the peak hours are 
reached. The metering has higher mobility but lower spatial equity in comparing to 
the case without metering. Ramp metering caused the most benefits in terms of mo-
bility and equity. The meter decreased average travel time per kilometer of ramp de-
lay from 104 to 66 seconds and increased average travel speed from 48 km/h to 71 
km/h. The results showed that the productivity, the vehicle kilometers of travel per 
vehicle hour of travel on all freeways of study site, increased with metering yet de-
creased on ramps. Combination of both ramp and mainline gives an improvement of 
53%. The consumer surplus is also positive with 2298 vehicle hours. 
Data was collected from the loop detector and video cameras from Interstate 
5/Barbur Blvd to analyze the existing performance of the ramp metering system. 
And the automated vehicle location system (AVL) was also used to collect infor-
mation for the freeway characteristics and identifying the location of bottlenecks by 
identifying speed drop locations. This study measured the ramp metering perfor-
mance including traffic volume and throughput, travel time, reliability of travel time, 
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safety, emission, fuel consumption, and public perception with a subsequent 
cost/benefit analysis. 
After ramp metering was applied, the volume of traffic increased by 9% on 
the network and mainline throughput by 14%. This caused an increase on freeway 
speeds during peak hours. Without metering, the average travel speed decreased ap-
proximately 7 mph in the peak period and 18 mph in the peak hour. For the tested 
segment, nine miles in length with a 12 minute travel time, the travel time increased 
with ramp on by 22% or 2.5 minute per vehicles. Reliability is best measured using 
travel time variability due to various unexpected circumstances such as accident, in-
cident, bad weather, delays, and congestion. The study found that without ramp me-
tering travel time reliability on freeway declined to 91% (1.9 minute), 180% on 
I-494 and 154% on I-94. These values indicate the increased number of crashes. 
Without ramp metering, there was an increase of 1.85 minute travel time reliability. 
Ramp metering decreased freeway crashes by 26% excluding the seasonal variation. 
Total annual number of crashes in the absent of ramp metering accounted for 1041 
additional crashes per year or 4 crashes per day. The rear end crashes increased by 
15%, sideswipes increased by 200%, and off road crashes increased by 60%. 
The above mentioned performance measures were on all corridors of the 
Twin City area. It was calculated that there were $40 million savings from the ramp 
metering application. The travel time total savings were 25,121 hours or $250,000. 
Annual savings include travel time variability about 2.6 million hours, unexpected 
delay savings of about $25 million, safety savings of about $18 million, emission 
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savings of about $4 million, and fuel consumption savings of about $8 million. The 
results showed a 5:1 benefit/cost analysis ratio.  
The Anticipated Model Predictive control (MPC) is an application to ramp 
metering (Hegyi 2005). The total time spend in the network (TTS) is selected to be 
performance indicator. A work zone configuration of 2-1 is considered; works starts 
at 5:30 am with traffic stream of 4500 veh/h and ramp flow of 200 veh/h. Ramp me-
tering improved travel time by 22% in comparison with no MPC. The MPC control 
ramp meter provides equilibrium in which all travelers experience same travel time 
in both routes and it optimizes the metering rate in such a way that the desired lower 
cost is obtained based on the drivers re-routing behavior. 
2.2. Metering Strategies 
2.2.1. ALINEA Strategy 
Based on the Smaragdis and Papageorgiou (2003) study, the most well-known 
ramp metering strategies are local ramp metering strategies, including the de-
mand-capacity (DC) strategy, the occupancy (OCC) strategy, and ALINEA.  
The data was taken from a 3 km stretch of a 3-lane freeway with single 
on-ramp entering 2 km downstream. With meter and without meter scenarios proved 
that the main lane capacity increased with metering when longer durations were used. 
The reason for using FL-ALINEA is that it accounts for traffic volumes with or 
without congestion. ALINEA has an automatic ramp metering control method which 
uses field data at a single ramp. The comparison was based on total travel time (TTT) 
on mainstream, total waiting time (TWT) at ramp, total spent time 
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(TTS=TTT+TWT), total travel distance (TTD), mean speed (MS=TTD/TTS), and 
mean congestion duration (MCD). Timing period of peak hours from 7am to 10am. 
The results concluded that the TTS decreased by 6.8%. TTD and MS in-
creased by 0.4% and 7.8%, respectively compared with the other strategy (WJC). 
Two more field data sets were compared and the result. ALINEA might be a signifi-
cant efficient strategy in local ramp metering according to the results. The main ben-
efit of ALINEA is its simplicity of a single equation, transferability, low application 
cost efficiency, and flexibility.   
A study by Kotsialos and Papagergious (2002) applied metering to the Am-
sterdam ring road using (AMOC). The counter-clockwise direction of the ring road, 
32 km long, was used. There are 21 on-ramps and 20 off-ramps. Ramp metering 
worked at each on-ramp, the maximum permissible queue on ramp is 20, and the 
storage is 100 vehicles. Study duration was 4 hours using a realistic time period. Af-
ter ramp metering activated in all ramps, congestion decreased for the network. 
Ramp metering succeeded in reducing congestion and TTS was 8833 veh-hr which 
is a 33.2% improvement. 
According to Lee et al. (2005), ramp metering reduced delay and managed 
capacity flow on freeway by regulating access of ramp traffic to the mainline. The 
effect of ramp metering on crashes using ALINEA was examined. Ramp metering 
strategies on two different highways were simulated during peak hours. The Log- 
Linear prediction model measured the crash prediction to evaluate the safety perfor-
mance measure. The results showed that ALINEA ramp metering strategy decreased 
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total crash potential by 5% to 37% compared to the no control case. The study con-
cluded that the crash reduction occurred under a condition of high congestion which 
caused high ramp traffic volumes in the absence of a queue downstream of the ramp. 
In the United States, different thresholds have been applied for ramp metering 
on freeways Wu and Fadali (2012). For example, Wisconsin uses the flow-to-capacity, 
q/C, ratio of 0.7 for urban and 0.6 to 0.65 for rural areas. The capacity, C, is based on 
the Highway Capacity Manual (HCM) while the flow rate, q, includes both the on 
ramp flow rate and the mainline flow rate. Illinois uses occupancy of 11.7% upstream 
of the meter. Denver uses the flow rate, occupancy, and speed. The results indicated 
that ramp metering has great positive impact on probability of no-disruption and en-
hance the safety and operation for freeways.  
The multi-agent simulation framework was used to implement the theory by 
Yun et al. (2011). Since ramp metering evaluation is based on accuracy of the flow 
model, the well-known fundamental flow-density diagram is used. And the validation 
of the traffic flow model implemented is the basis of comparison of both models. The 
two freeway conditions are uncongested and lightly congested. Both models’ perfor-
mance measures are compared based on speed and flow for both the freeway and 
on-ramp. The results indicated that agent-based approach is preferable for the vehicles 
on congested situations on the on-ramp than ALINEA. The average of outperfor-
mance of the agent-based approach is 4.8% more than ALINEA on-ramp flow. The 
results also predicted that the agent-based approach is more preferable for the level of 
service to the whole network users.  
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The combined variable speed limit and coordinated ramp metering control 
improves operational parameters and decreases the risk of crashes in congested free-
ways. 
In the simulation of data of a 7-link network, 10 km segment of I-80 W, ag-
gregated field data included traffic flow, density (occupancy), and speed. For the 
macroscopic traffic model, calibration combined VSL and CRM. Different scenarios 
included CRM-only, VSL-only, and CRM with VSL. The driver compliance is sup-
posed to be 30% advisory and 100% enforced. The results of simulation concluded 
that the ramp meter control improves system performance, but it is not statistically 
significant. The combination of both VSL and CRM is significant in improving the 
network performance. 
Operations on both on-ramps were collected in study by Neel and Gibbens 
(2001) for four weeks with and four weeks without ramp metering. The traffic volume 
data was collected through loop detectors from mainline and ramp to determine the 
mainline congestion. The congestion on morning peak hours decreased after using 
ramp metering and the “stop-and-go” condition decreased. The stop-and-go of the 
floating bridge to the I-5 interchange was recorded from 7:30 to 9:00 a.m. Metering 
decreased congestion duration by two-thirds and stop-and-go by 30 minutes. The 
freeway AM peak hours increased 14% and throughput volume by 10%.   
Wu’s thesis (2001) studied the effect of ramp metering on traffic diversion. 
Data included volume of mainline, ramp, and arterial alternate routes. The traffic 
volume counts of three P.M. peak periods in both the “without” and the “with” periods 
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are aggregated into six 15-minute periods, which are from 4 P.M. to 5:00 P.M. The 
result indicated that traffic diverted but it was not huge. All the traffic diversion was 
less than 10% in USH 45. The results also concluded that the diversion which took 
place between entrance ramp metering was not small and more than 10% of vehicle 
diverted between entrance ramps. On four out of six entrance ramps, the chi – square 
test result showed significant at 95% confidence level. 
When temporal diversion tested based on chi-square, the results showed sig-
nificant with 95% confidence interval. According to Zhang and Levinson (2003) ramp 
metering not only reduces travel time in freeway system as whole but also redistrib-
utes travel time between travel groups. Five scenarios were considered to evaluate the 
effects of ramp metering on accessibility Scenario 1 and 2 represent cities without 
looped freeways. scenario 1 is a city work are in center of the city, scenario 2 with 
job/housing balance, Scenario 3, 4 and 5 represent cities with different in initial land 
use. Result showed improvement in accessibility in all scenarios. Ramp metering 
slightly improve employment reorganization, it also develop residential density dis-
tribution. The weakest impact of ramp metering is in land use in scenarios when 
house and jobs are completely balanced. In common ramp metering makes the resi-
dential more attractive to the residents. 
Evaluation of ramp metering using Fuzzy logic, in Washington Trinh and 
Gibbens (2000); Nine ramp meters were included in this study, travel time and speed 
data before and after ramp meter recorded manually, the data included peak hours of 
week days. It was concluded from the study that ramp metering in this specific exam-
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ple is very effective during the morning hours when speed is between 15 to 55mph, or 
ramp meter activation would be more reasonable at speeds lower than 55 mph. Ramp 
metering or entrance ramp metering may affect efficiency and safety in work zone. 
According to Piotrowicz and Robinson (1995) activation of ramp metering in east of 
I-405 included three-mile , data or one year before and six months after implementa-
tion of ramp metering were collected of three days of the week Tuesday, Wednesday , 
and Thursday for both after and before ramp metering. The average mainline volumes 
and speed for the on-ramp and off-ramp calculated. Main line volume increased al-
most in every section in P.M. results. 
A.M. Results showed that there were not significant changes after ramp me-
tering activation. Speed in HOV, and GP lanes small variation, Main line volumes 
changes was not considerable. The total ramp volumes as a whole reduced at AM 
peak hours. Generally the overall congestion severity was unchanged. 
Abdel-Aty and Gayah (2009) studied the ability of ramp metering to reduce 
crash risk. This study simulate a section of freeway network in I-4 Orlando, FL using 
PARAMICS by applying three ramp metering algorithms such as ALINEA, ZONE, 
and OCPC; As a safety measure simulation uses substitute measure (speed and dis-
tance between vehicles) to define the rear end incidents.  
Different scenarios crash risk versus time and location generated to evaluate 
the lowest real time crash risk value. The experimental design considered 54 scenarios 
18 of which are used to find best parameter for ALINEA. To compare ALINEA with 
ZONE algorithm, three congested zone with high risk of incidents were used. Gener-
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ally it can be conclude that ramp metering application into congested freeways reduce 
crashes (rear-end, lane change) risk in real time. And both ZONES, ALINEA ramp 
metering algorithms provide positive effects in reducing crash risk. Crash risk will 
increase when considering traffic-cycle with ALINEA, and ZONE algorithms alt-
hough ALINEA with OCPC recognition. Overall, the ALINEA algorithms with the 
application of traffic-cycle realization perform on all scenarios.    
2.3. Capacity Estimation of Work Zone  
Estimated work zone capacity using Neuro-fuzzy model applying back 
propagation by Adeli and Jiang (2003); they included 16 factors affecting work zone 
capacity as inputs of the model. Variables (percentage of truck, pavement grade, 
number of lanes, number of lane closures, lane width, work zone layout, work inten-
sity, closure length, work zone speed, interchange effects, work zone location, work 
zone duration, work time, work day or week end, weather condition, pavement con-
ditions, and driver composition).   
The root mean square RMS error value evaluation showed that the 
nuero-fuzzy model has the lowest value than the other two other models equations. 
And the error percentage between the estimated and measured work zone capacity is 
less than 10%. The data of the six states of Toronto in Canada trained and the back 
propagation neural network is employed and the results showed that the current 
model provide more accurate results than others. 
Straddling MTC report (Hallmark et al. 2011) determined driver behavior in 
work zone capacity such as forcing late merges, tailgating, and queue jumping in the 
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closed lane, and passing on the shoulder. These causes slow speed, large headways 
which reduce maximum flow. Time series is used to analyze the impact of merging 
behavior on upstream work zone operations. And finally use of left lane merge fol-
lowed by a lane switch, instead of right lane merge is recommended that will decrease 
number of merges and aggressiveness. Xiaomo and Adeli (2004) estimated the work 
zone capacity and queue delay and length. The capacity increases as the width of the 
lane is increases with the same truck percentage and in the other hand as the percent-
age of trucks decreases the capacity. The work time has been effective on capacity, so 
capacity is lowest in night time and weekend. In late 1960s California study estimate 
the freeway work zone capacity by measuring volumes for 3-min intervals by 1minute 
counts at lane closure during congestion (Dixon et al. 2007). The Speed flow rela-
tionship was used. Capacity at the end of transition area at rural sites observed some 
abnormality of trucks in two lanes, queue were created which affect work zone capac-
ity.  
A paper by (Fowler et al. 2011) considered existing sensor roadside radar 
verses custom instrumentation or person based monitoring of work zone. Different 
scenarios of lane closures used 15 minute flow data Extraction of data point in com-
plies with HCM, estimating the appropriate capacity adjustment factor (CAFs) for 
every scenario. For estimating work zone capacity and related CAF three approaches 
is used. 
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Table 2-5: CAF estimated values 
WZ lane clo-
sure Scenarios 
Free Flow 
speed 
,FFS(mph) 
Capacity Ad-
justment Fac-
tor, CAF 
Approximate 
WZ Capacity 
(pcphpln) 
HCM 2010 
Default 
4->3 60 0.89 2,050 1,500 
4->2 55 0.82 1,850 1,450 
4->1 55* 0.7-0.8* 1,580-1,80
0 
1,350 
3->2 60 0.8 1,840 1,450 
3->1 60 0.8* 1.840 1,450 
2->1 55 0.7-0.8* 1,580-1,80
0 
1,400 
 
A New Methodology to Estimate Capacity for Freeway Work Zones by (Kim et al. 
2000) investigate independent factor that reduce capacity in work zone and to suggest 
new methods to calculate work zone capacity. Volume data collected at end of transi-
tion are where bottleneck created.  Regression model was used to estimate work 
zone capacity since it is easy to create functional relationship between most inde-
pendent factors.  
Table 2-6: work zone performance level of models 
Models Krammes and 
Lopez 
Kim Decision 
tree-based 
RMSE 128 108 66 
MPE +2.1% +4.3% -0.9% 
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Studies showed that Decision tree-based performed better than neural-fuzzy model a 
RMSE of 105, less than the RMSE of 127 from the neural-fuzzy model addressed by 
Weng and meng (2011) Another method of work zone capacity estimation Ensemble. 
Dataset with 12 short term work zone and 6 long term work zone sites compared with 
5 existing capacity estimation models proposed by Krmmes and Lopez. The results 
were compared based on RMSE. The results of capacity estimation of current model 
and 5 existing model (HCM), measured work zone capacity value ranged (42-74) 
vphpl ensemble tree, 113-117 single tree, and 237-249 vphpl for HCM. For further 
confirmation of the ensemble tree accuracy another randomly selected 60 sample 
evaluated, the results again showed higher accuracy of the (RMSE) with the ensemble 
tree. This can be concluded that ensemble tree is a better alternative for short term and 
long-term work zone capacity estimation. According to Adeli and Karim (2003) the 
radial bases function neural network (RBFNN) when data is limited it is most suitable. 
Work zone for closures of 3 to 2, 2 to 1, and 2 to 1 with lane width of 10, 11 and 12ft, 
truck percentage of 0 to 25, length of work zone 0 to 8 mile, and grades of 0 to 6% 
from HCM. The results of study showed the effect of parameters such as by increas-
ing the work zone length from 1 to 5mi, the capacity decreased 80 vph, the width of 
lane has significant affect. The results showed scheduling work time when demand is 
low delay decreased or even eliminate. 
A paper by (kianfar et al. 2010) studied the work zone capacity estimation using three 
methods. Maximum sustained flow method, 2) re-scaled cumulative flow curves 
method, and 3) 85th percentile method. Data collected from 4 short term work zone 
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site at I-70-Columbia. Flow for all four cases get the average capacity of 1301, 1149, 
1267 vphpl respectively, which is close to the HCM-based capacity of 1240 vphpl for 
the 2 to 1 lane work zone used by Missouri DOT. For the maximum sustained flow 
decreased with interval 5 to 15 minutes for all work zones, the 85
th
 percentile had 
lower flow than 15-min in most cases. There were no events of PQF value in any 
work zones (no period of near-flow before breakdown) of flow. So the study suggest 
using the PQF and its correlation with probability of flow breakdown give direction 
on delaying or decrease flow breakdown using traffic control methods for example 
rump metering. 
 
Table 2-7: work zone capacity according to lane closure 
Interstate & Freeway Capacity Restrictions Cautionary Zone 
Total num-
ber of lanes 
Number of 
open lanes 
Vehicles per 
hour per 
lane 
Total ca-
pacity in 
open lane 
Vehicles per 
hour per 
lane 
Total ca-
pacity in 
open lanes 
3 1 960 960 750 750 
2 1 1240 1240 1000 1000 
5 2 1320 2640 1000 2000 
4 2 1420 2840 1100 2200 
3 2 1430 2860 1100 2200 
4 3 1480 4440 1100 3300 
 
(Ramezani et al. 2011) defined the work zone capacity as 5 minute product of poten-
tial capacity and platooning factor. Twelve data sets were considered. The capacity 
based on large and moderate platoons the capacity is computed when the small pla-
toon vehicles are excluded. This method has higher capacity than all three aforemen-
tioned methods. The estimated platooning factor is close to 1.0 for data of queuing 
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condition, 0.95% for no queuing, 85% for short term work zone, and 90% for long 
term and long distance work zone. Suggested capacity for sites having speed limits 
45mph is 1550pcphpl, and 55 mph capacity of 1600pcphpl, and with short distance 
work zone capacity suggested 1600pcphpl.  
Expected Independent factors affecting work zone by (Kim et al. 2000); The Regres-
sion model developed to estimate capacity for work zone. The model examined the 
root mean square error (RMS) between actual and predicted capacity values for a spe-
cific data set. The new model provide better performance than others and concluded 
that various independent factors such as traffic and roadway condition can affect work 
zone capacity that should be included in capacity estimation. 
 
2.4. (VISSIM) Simulation 
2.4.1. Summary of Simulation tools 
 
 Based (Chatterjee et al. 2008) the use of simulation software is increasing traffic 
analysis since it is able to address the challenges of transportation effectively than 
other analytical tools. Traffic simulation models can be divided into three groups: (a) 
macroscopic which simulate based on shock wave theory relationship. It also used for 
accessing temporal and spatial level of traffic such as congestion and delay.(b) 
Mesoscopic that simulate individual vehicles but it is based on aggregated traffic 
characteristics. (c) Microscoopic study the performance of individual vehicle by cre-
ating exact trajectories of each vehicle using car-following and lane changing algo-
rithms. The model is user defined parameters in order to reproduce field condition. 
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That is why this model is more advanced and useful from the two mentioned models. 
Many microscopic modeling tool exists such as (AIMSUN, VISSIM, PARAMICS, 
CORISM) increasingly used in the area of transportation. This study used VISSIM 5.4 
for the simulation proposes. 
2.4.2. A Brief Explanation of VISSIM  
 
VISSIM is one of the microscopic simulation tools that represent the most basic ele-
ment of individual vehicles. And is based on Wiedemann” psycho-physical” car fol-
lowing and lane changing models. It has two basic car-following models as 
Wiedemann 74, and Wiedemann 99, and lane changing model. This study used the 
Wiedemann 99 for car following which has 10 user defined driving behavior parame-
ters (CC0, CC1.CC3………….CC10). It include four driving condition such as (1)- 
free driving: condition in which driver maintain its desire speed same to the free flow. 
(2) Approaching, or condition of continuing deceleration when reaching another vehi-
cle and adapting slower speed. (3) Following; maintaining constant speed which 
means safety distance without any acceleration and deceleration. (4) Braking; Bal-
ancing the safety distance and decelerating when it is lower than desired distance.  
CC0 is the standstill distance desired distance of two vehicles in stopping condition 
CC1 is the following vehicle desired time headway based on which the safety distance 
can be computed as dxsafe = CC0+CC1* v. CC3 this defines entry to the “following” 
mode of driving, starting time to decelerate when he recognizes a slower leading ve-
hicle. It defines the time at which driver starts to decelerate before reaching the safety 
distance. CC4 and CC5 control the speed oscillations after the vehicle enters the “fol-
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lowing” models of driving. Smaller values represent a more sensitive reaction of the 
driver to the acceleration or deceleration of the leading vehicle. CC4 is used for nega-
tive Speed difference and CC5 is used for positive speed difference. -CC5/CC5 is 
-0.35/0.35. 
VISSIM is a microscopic traffic that belongs to PTV Vision. The software simulates 
traffic transport, rail, trams, LRT, motorcycles, bicycles and pedestrians.  The soft-
ware applies commonly for freeway and arterial corridor.  
  VISSIM application on Network include from individual intersections to entire 
metropolitan areas, from freeway to driveway. The data report is user defined in 
VISSIM for any time period or interval, for any point or location in the network, or 
intersection along any path in the network as an aggregated or individual (PTV, 
2008). The most typical Measure of effectiveness (MOEs) includes delay, speed, 
density, travel time, stop and queues. One thing which makes VISSIM unique from 
other simulation software is its flexibility of traffic controlling of signal control. One 
of the properties of signal control related ITS application is ramp metering. The oth-
er properties of VISSIM 4D is animation which refers to the combination of 3D with 
network and fourth dimension of time. This allows users to create realistic video 
clips for projects vision. The first multi model microscopic simulation program in-
volves interaction between pedestrians and all mean of transportation. 
A study by Neill (2010) considered traffic modeling of Light Rail Transit of down-
town Bellevue, in order to develop and compare different traffic modeling VISSIM 
used for traffic analysis report for selecting alternative parallel approach. VIISSIM 
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model was developed for each LRT alternative based on the city travel demand on 
the year 2008 for a forecast of year 2030. VISSIM analysis included assess all relat-
ed traffic movement such as SOV, HOV, Transit (light Rail), pedestrian, the interac-
tion between all modes, speed ,travel time, queue lengths , and delay at the intersec-
tions, animation of traffic movements. Based on Park and schneeberger (2003) in 
addition to the signalized intersection some signalized driveways were also included 
on the VISSIM analysis. The VISSIM simulation model was developed by the Uni-
versity of Karlsruhe Germany, at early6 1970s but its commercial launch was oc-
curred in 1993 by PTV in the United States. A micro simulation model is largely 
used in transportation operation and management because it is safer, less expensive 
and faster than field implementation and testing. The other advantages of the simula-
tion (VISSIM) are its calibration and validation which make model look real. It is 
the necessary process by which the simulating each properties get adjusted with field 
data so the measurement or observed traffic condition will presented accurately. The 
simulation parameters which require calibration are traffic control operations, traffic 
flow characteristics, and driver’s behavior.  Validation has direct relation with the 
calibration process since adjustment in calibration is necessary to replicate field –
measured traffic condition. In calibration and validation the first step is to define the 
effectiveness measure which includes controllable and uncontrollable parameters. 
Controllable parameter include  lane –changing distances, waiting time before dif-
fusion, minimum headways, minimum and maximum look-ahead distances etc. Un-
controlled parameters include existing geometry, traffic counts, current signal timing 
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plans and etc. A study by Bauer and Fuller (2001) used VISSIM simulation for the 
evaluation of light rail transit signal control options, three scenarios of LRT signal 
control strategies the three analyzed. Estimation considering the measures of effec-
tiveness the rail corridor travel time, average delay, number of stops and queue 
length as an evaluation base. Intersection delays for all three scenarios as a level of 
service were with the same value. The average vehicular stops and queue lengths 
were with the same manner of average delay for scenarios. It has been experienced 
that VISSIM simulation modeling is effective for development of the freeway sys-
tems as other means of surface transportation.  A study conducted by (Gomes, et al. 
2004) used VISSIM simulation for modeling freeway into a 15 mile of I-210 west in 
Pasadena, California. The network included (HOV) lane with intermittent barrier, 
heavy freeway connector, 20 metered on-ramps, and three interacting bottlenecks. 
For calibration proposes the location and causes of congestion on the selected free-
way were defined. All on ramp merges and vehicle and traffic composition  were 
modeled following the method recommended by VISSIM considering these charac-
teristics; minimum and maximum acceleration and deceleration, weight, power, and 
length, and four vehicle composition(LOV, HOV,HGV_MED , HGV_LARG).  
 The lane changing parameters were considered such as (Look back distance, 
Emergency stop distance, and waiting time before diffusion. And the vehicle follow-
ing behavior which include ten parameters called (CC-CC9). CC0 and CC1 are the 
coefficient used in calculating the safe bumper to bumper distance (in meters).  
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Where v is the (m/s) speed of the trailing vehicle, the CC1 has the highest influence 
on freeway capacity. The capacity drops as the value of CC1 is changing keeping 
other CC values constant. Another case study of simulating work zone capacity 
conducted by (Edara 2009) using three different methodology including QuickZone, 
(FHWA, 2005), CA4PRS (UC-Berkeley, 2006), and VISSIM (PTV, 2008). Data of 
I-70 from four work zones in the city of Columbia at 2009 were collected. The two 
to one lane work zone data during night time used to collect capacity by defining as 
15 minute flow rate vph from video detector recorded. Every site has capacity of 
1172, 1268, 1420, and 1252. A driving behavior was obtained as set of CC1, CC2 
and SRF parameters in order to produce field capacity values. The results showed 
lower delay with VISSIM but the queue length is all three were the same. (Evalua-
tion of Work Zone Enhancement Software Programs the opinions, findings, and con-
clusions expressed in this publication) 
 Another study by Schroeder and Rouphail (2010) used VISSIM for variant behavior 
and facility modeling in mixed priority environment. According to the study simula-
tion approach a representation of driver and pedestrian behavior, it is cost-effective 
for evaluation, easy in analysis sensitivity of parameters, minimizes risk to study par-
ticipant and drivers, and extension for the future scenarios. VISSIM is flexible when 
connecting links structures, multiple modeling in vehicle pedestrian classes, user de-
fined priority rules, models gap acceptance, Yielding, flexibility with the signal con-
trol logic, extraction of delay and conflict data with visualization. 
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VISSIM software used in a study by (Territoriale 2008) to evaluate the geometry and 
behavior features of roundabout intersection; as an increasing use of roundabouts to 
ease the traffic problems many models have been using to predict the operational 
performances such as capacity, average delay and queue length. Roundabout simula-
tion traffic operation is not easy to presented by most simulation software because of 
its complexity in user defined geometry and behavioral features. VISSIM provide 
flexibility to user to design realistic models of roundabout because it is based on link 
connector and it is easily import the CAD layout as a background where link can be 
drawn. The Application of reduced speed limit, priority rule, and traffic assignment 
make it more flexible with user defined properties. 
A study by (Yali et al.2008) considered four work zones with a number of en-
trance/exit ramps along work zone approaching area conducted the objective of study 
was to observe the impact of queuing, so the exiting /entering ramp volume were 
changing during and before work zone. The traffic volume data of 15 min interval 
were collected. The 5 hours volume data with upstream of work zone and entrance 
ramp were input into model. The calibration was considered throughput, and queue 
length as a measure of performance. The Maximum Absolut Error Percentage (MAPE) 
used to specify the goodness of fit of the simulation and observed file data volume. 
The result of four sites showed the MAPE of (6.8%, 9%, 4.8%, and 4.8%). This indi-
cated that the simulated data matched filed data well.  
A case study from Virginia by Park and Scheneeberger (2002) used VISSIM in order 
to optimize the signal optimization and calibration. Some data were from VDOT and 
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rest was collected directly from field. Real data were extracted through detector. 
Travel time and maximum queue length used as calibration measure of performance. 
The parameter which used in VISSIM included emergency stopping distance, lane 
changing distance, desired speed distribution, number of observed preceding vehicles, 
average stand still distance, waiting time before diffusion, and minimum headway.  
The t test were used to determine if travel time from field data Statistical equal to 
VISSIM travel time. The new timing plane proved significant benefit than previous 
One 17.1% reduction on travel time and 36% on total delay. 
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 CHAPTER 3. METHODOLOGY 
3.1. Field Study 
 
Data from five short term work zones (According to HCM 2010 short term 
work zone is for maintenance , and in terms of construction barrier for short term use 
standard channeling devices e.g., traffic cones, drums) with installation of temporary 
ramp metering on a section of Interstate 70 and high way 63 in Columbia, Missouri 
were collected. All data was collected after 7:00 pm Central time for one and a half 
hours using video cameras and radar speed units. 
3.1.1. Video Recording Information 
1-Two HD camcorders used for far view and near view (zoomed between gore and 
the end of merge) 
2-The far view camera had several reflectors and other markings in its view for both 
freeway and ramp. This view was useful for manually deriving speeds. 
3-Two radar speed guns were used and two ZR40 (non-HD) cameras were used to 
record the speed display 
3.1.2. Work Zone Signage information  
1.       Roadwork ahead sign  
2.       Right lane closed ahead sign  
3.       Merge & Right lane closed signs   
4.       Flashing left arrow (beginning of taper)  
5.       Actual work area  
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Ramp meter signal timing was fixed to a 7 cycle length (4red, 1Yellow, and 2Green) 
for all sites.  Field geometry and dimensions such as ramp length, location of meter 
from gore point (the point where ramp vehicle merge into freeway), acceleration lane 
length, and start of work zone taper were collected directly from sites. Other dimen-
sions such as acceleration length and start of work zone taper from gore point were 
obtained from Google maps and Google Earth images. The locations of the five 
work zones are:  
1- I-70 @Mile Marker 126 June/ 27th/2011 
2- I-70 @Mile Marker 125 June/ 28th/2011 
3- I-70 @Mile Marker 128 July/ 11th/2011 
4- Hwy 63 @ Stadium Entrance July/ 12th/2011 
5- Hwy 63 @ Stadium Entrance July/ 13th/2011 
Each mentioned field map is provided on different sections of chapter 4.  
3.2. VISSIM Truck Properties Considerations 
According to MoDOT: 
1-  The truck account for about 21-32 percent of the traffic stream in I-70. 
Since the key factor of the shipping and supply chain connecting, Missouri, 
Illinois, Indiana and Ohio to each other’s. 
2- In major rural areas I-70 carries as many as 40,000 vehicles per day 50 per-
cent of that traffic and in major urban areas caries as many as 200,000 vehi-
cles a day.  The goods shipping through I-70 will be increasing by more 
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than 60 percent and percent of goods moving by truck will increase from 74 
to 80 percent by the year 2030. 
    Based on Field study: 
3- The field study along I-70 Mile marker (MM) 125 showed a 29.9 percent of 
truck volume of and in Mile marker (MM) 128 a truck volume of 40 percent 
were observed. So truck Percentage for the simulation ranged from 20% to 
40% according to work zone site data for the mainline on I-70 located in Co-
lumbia, and 10% to 20% for the ramp. This study included two vehicle types 
in VISSIM: passenger car and trucks (referred to as heavy gross vehicle 
(HGVs) in VISSIM). According to AASHTO Green book
 
the lengths of dif-
ferent vehicle types were obtained as 19 feet for passenger cars, 55.5 feet for 
Intermediate Semitrailer WB-50, 68.5 feet for WB-62 and 73.5 feet for long 
trucks and double-semitrailers. (Chatterjee et al. 2008) showed that the de-
fault truck length in VISSIM may not be appropriate for truck sizes observed 
on interstates in the US. They defined the combination of truck percentage of 
US truck characteristics of 2-axle- single unit trucks (29.5%) and 5-axle- 
Tractor-semitrailers (46.1%) according to NCHRP report (see Figure 3-1, 3-2). In 
this study, the length recommended by (Chatterjee et al. 2008) was considered in-
stead of default value of truck length in VISSIM. Default vehicle length for trucks in 
VISSIM is about half the length of WB-50 in US. 
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Figure 3-2 : Truck dimension of Intermediate Semitrailer WB-50 picture from 
(NCHRP 505(41)) 
Figure 3-1: Single Unit Truck dimension picture from (NCHRP 505(41)) 
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VISSIM parameter selection and its effect on traffic performance have been studied 
through literature review. Driving behavior parameters in VISSIM (car following, 
lane change, lateral, and signal control) affect traffic performance.  
Based on VISSIM Wiedemann 99 model of user defined parameters and default val-
ues, the study kept all car following parameters as default and only changed the CC1 
which was reported in literature to have the most influence on capacity and delay 
(travel time). CC0 and CC1 are the safety distance calculation factors 
(dxsafe=CC0+CC1*v), where v is the vehicle speed. 
 
3.3. VISSIM Signal Timing on Ramp Meter 
 
     In order to get the optimal signal cycle to decrease delay and increase capacity, 
different signal timing plans were experimented in VISSIM. The signal cycle length 
was varied from 4 seconds to 8 seconds and the performance results are shown in 
Table 3-1. Mainline vehicle input considered 1,240 for all signal timing and ramp 
vehicle input to 514vph, truck percentage of 20 for mainline and 10 for the ramp. 
 
     
Table 3-1 : Differential Signal Cycle on Ramp Meter Results 
Ramp signal Cycle 4 second 5 second 6 second 7 second 8 second 
Average delay 5 second 
4.3 se-
cond 
4.1 se-
cond 
3.6 se-
cond 
3.7 se-
cond 
average number of Stops 9 7.5 7 7 7 
Average Queue 116 ft 118 ft 113 ft 55 ft 0 ft 
Average Speed 27 mph 35 mph 37 mph 39 mph 48 mph 
Vehicle output 1284vph 1289 vph 1282 vph 1279 vph 1287 vph 
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The cycle length for each scenario set to signal length of 2 for green and 1 second for 
yellow which is constant for all cycles. As the cycle length is increased from 4 to 8, 
Delay decreased from 5 minute to 3.6minute or 1.4 to 0.7 minute per vehicle. Num-
ber of stops decreased from 9 to 7.5 when cycle is changed from 4 to 5 but after it 
remains constant as 7 for the signal timing of 6, 7, and 8 second. Queue length de-
creased from 116 ft to 0ft. 
From the above statement and finding it can be conclude that truck percentage and 
vehicle input does increase delay and number of stops, and Queue length results in a 
decrease to the average speed and vehicle output. But this is getting more significant 
when the truck percentage and volume change in mainline. When volume is very 
high in ramp the changes is more visible and significant. 
Ramp meter significantly improve highway condition in work zone. It decease delay 
in all scenarios especially when mainline volume and truck percentage is higher. As 
table (3-1) identified that the 7 second signal timing has the best results and signifi-
cantly improves delay than other signal timing. So in VISSIM model 7 second cycle 
length signal timing for all five sites was used.  
3.4. VISSIM Capacity and Calibration  
       According to HCM the 2 to 1 lane work zone capacity in Missouri is 1240 
vph. This study considered vehicle input for the mainline ranges (650vph to 1854vph) 
which include volume under capacity within capacity and above capacity, and ramp 
vehicle input (300vph to 614vph). Calibration is based on the Wiedemann 99 model 
defined in VISSIM. The equation for calibration is: 
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ABX = L
n-1
+CC0+ CC1* v
follower    …..………3-1
 
ABX - L
n-1
- CC0= CC1* v
follower…………............3-2 
 
Where ABX is the minimum desired following distance, Ln-1 is the length of leading 
vehicle, 
And, CC0 is desired rear bumper-to-front bumper distance between stopped cars. 
Vfollower is speed of the following vehicle. 
 
     Field data from I-70 at West Boulevard began on June 28
th
, 2011 at mile marker 
(MM) 125. This Location is used for calibration since both queue forming and dis-
charging processes are observed. 110 passenger cars and 47 trucks are observed dur-
ing that period and equivalent capacity can be calculated as 942veh/hour with truck 
percentage of 29.9%. Measured time- headway times and the speed of the following 
vehicle is calculated as ABX; CC0 is default setting in VISSIM, 4.92 feet; Ln-1 is used 
according to AASHTO Greenbook as 19feet for passenger cars, 55.5 feet for Interme-
diate Semitrailer WB-50, 68.5 feet for WB-62 and 73.5 feet for long trucks and dou-
ble-semitrailers. The left side of the equation: ABX - L
n-1
-CC0 is then calculated and 
used as dependent variable in linear regression while speed of the following vehicle is 
included as independent variable. Only time headways less than 3 seconds were con-
sidered for minimum desired following distance. Regression is done with two types of 
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dataset, 1 and 2-second time headway data only and all time headways under 3 second. 
Results are shown below in Figures 3-4 and 3-5.  
 
 
 
  
    Figure 3-3 : Linear Regression time headways under 3 second egression using 
all 
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Figure 3-4 : Linear Regression using time headways under 2 second 
 
 
Two calibrated CC1 value, 2.06 seconds and 1.61 seconds are both tested in simula-
tion and results are presented in Table 3-2. Capacity values under each scenario are 
shown in table 3-2.  
Table 3-2 : Capacity and speed under Both CC1 
CC1 value 
2.06 seconds 1.61 seconds 
default US default US 
Capacity 1317 1146 1487 1312 
Average speed 34.8 38.2 36.9 41.0 
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3.5. VISSIM Capacity and Validation  
The truck percentage of this study and (Kianfar et al. 2009) were used to 
validate with the calibrated CC1 value. In order to validate the current observed field 
data and the capacity from Kianfar study values obtained and are reported in Table 
3-3, and 3-4. 
 
 
Table 3-3 : Capacity conversion 
  
Truck percentage vphpl pcphpl 
This study 
CC1=2.06 
29.90% 
1146 1317 
CC1=1.61 1312 1508 
Kianfar et al 
(2009) 
 
22-Jun-09 15.90% 1256 1356 
23-Jun-09 22.20% 1408 1564 
 
The simulation data using two different values of CC1 (2.06 and 1.61) time headway, 
and the difference in capacity of current data with pervious data (validation) is 
shown in percentage in table (3-4). 
Table 3-4 : Percentage of difference in capacity values compared to previous data 
Simulation data 
 
Previous field data 
2.06 seconds 1.61 seconds 
1317 1508 
22-Jun-09 
1356 -2.96% +10.08% 
23-Jun-09 
1564 -18.75% -3.71% 
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Field data suggests a 1.75% grade. The passenger car equivalent (PCE) used here is 
1.5, according to Chapter 11, Exhibit 11-11 of HCM 2010. Results are shown in ta-
ble (3-4) above which shows the percentage of difference in capacity values between 
previous field data and calibrated simulation data. The first scenario considers the 
mainline truck percentage and vehicle input as variable and ramp maximum vehicle 
input of 514. The meter timing is 7 second cycle length of signal timing (3600/7= 
514) and truck percentage 10 which are considered constant. The speed distribution 
of field data is applied in VISSIM. 
The data collected from field was extracted from HD far and near view Camera. Da-
ta extracted included speed, vehicle type, brake numbers, and volume. The extracted 
data speed distribution is used in VISSIM as in Figure (3-6). 
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       Figure 3-5 : Speed distribution on VISSIM 
 
As it was explained previously the geometry of each work zones were drawn in Au-
toCAD using data from Field and using Google maps and Google Earth as in Fig-
ure(3-7). Field data extracted from video recorder using both far view and near view. 
These fields’ studies showed truck percentage range of 10%-40% and the speed dis-
tribution as in Figure3-6. For calibration propose the traffic volume and vehicle 
composition of field data was used, and applied in VISSIM simulation. The work 
zone lane configuration of 2 to 1 considered for all sites as Figure (3-7). Data collec-
tion placed at gore point for average speed of the mainline and node used to collect 
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rest of traffic performances. They consisted of average delay, average queue, and 
average number of stops for the network as shown in Figure (3-7). 
 
 
 
Figure 3-6 : Geometry and Layout of data collection point for work zone lane con-
figuration 
VISSIM data collection using node and data collection point in order to record net-
work performances such as volume, queue, average delay, and average number of 
stops.  
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Figure 3-7 : node for traffic performance measurement in VISSIM 
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 CHAPTER 4. RESULTS and ANALYSIS 
4.1. Results from Simulation  
 
The objective of the study is to estimate the effect of ramp metering installa-
tion in the work zone based on traffic performance such as delay, speed, queue, and 
number of stops. 
Five different ramp metering locations along I-70 Columbia Missouri were 
studied. The two to one lane work zone configuration was considered. According to 
the HCM, factors affecting work zone capacity are proportion of heavy vehicle, 
presence of ramp, work zone intensity, number of closed lanes in the work zone and 
geometry. In this study the effect of ramp metering, heavy vehicle, and traffic vol-
ume on both ramp and mainline traffic performance of work zone is evaluated. The 
traffic performance such as average delay, average number of stops, average queue 
was collected through node evaluation on whole network and average speed through 
data collection point on the gore point. Table (4-1) provides the truck percentage, 
mainline volume, and ramp volume for each case. Simulation resolutions were 5 
step(s)/sim.sec for each case study. 
Appendix (A, B) include the tables for average speed, average queue, and average 
number of stops for each field In this section simulation result of each case is pre-
sented. 
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Table 4-1: Case numbers and traffic scenarios 
 
 
 
 
Mainline truck Percentage(10-40) ,ramp truck %constant 10% 
Case # Total Input (vph) Mainline Input volume (vph) Ramp Input volume (vph) 
Case.1 900 650 250 
Case.2 1150 800 350 
Case.3 1240 900 340 
Case.4 1754 1240 514 
Case.5 1954 1454 514 
Ramp truck Percentage(10-20)mainline Truck % constant 20% 
Case.6 1240 900 340 
Case.7 1754 1240 514 
Case.8 1854 1240 614 
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Figure 4-2 : Node with length of 2600ft traffic performance collection 
 
Figure 4-1 : Geometry and data collection points of I-70 MM 125 
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4.2. Work Zone Site (I-70@Mile Marker 125) 
 
Figure 4-2 the traffic performance measures average delay (travel time) consid-
ered as base for examining the effect of ramp metering on work zones. The effect 
of truck percentage in the mainline and ramp were also considered as in table (4-2). 
The volume is less than capacity and is shown in table (4-2). In Case.1; with meter 
mainline average delay increases (21%-28%) as mainline truck traffic percentage 
increases, and without meter it increases (40%-50%). The ramp average delay in-
creases with meter (2%-7%) as mainline truck percentage increases, and without 
meter it increases (20%-28%). The total delay increases with meter (38%-60%) as 
it can be inferred from figure (4-3). The truck percentage has direct relation with 
delay, as truck traffic increases delay increases. In this case when volume is less 
than capacity a ramp meter is not an effective mean for decreasing total delay and 
increasing network traffic performance. But ramp meter reduces the effect of truck 
on both mainline and ramp traffic performance (average Delay). Meter increases 
total delay of the network.  
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Table 4-2 : (Total Delay Case .1) 
veh/Input(900) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average Delay(sec/veh) 3 3 3.8 4.2 
Vehicle # 647 647 647 647 
Total Delay(Hour) 0.54 0.54 0.68 0.75 
Ramp/Meter On 
Average Delay(sec/veh) 9.8 9.9 10.4 10.5 
Vehicle # 248 248 248 248 
Total Vehicle # 895 895 895 895 
Total Delay(Hour) 0.68 0.68 0.72 0.72 
Total delay(hour) of Mainline & Ramp Meter 
On 
1.21 1.22 1.40 1.48 
Mainline / Meter 
OFF 
Average Delay(sec/veh) 2 3.4 4 4.3 
Vehicle # 647 647 647 647 
Total Delay(Hour) 0.36 0.61 0.72 0.77 
Ramp/Meter OFF 
Average Delay(sec/veh) 2 2.2 2.5 2.7 
Vehicle # 248 248 248 248 
Total Vehicle # 895 895 895 895 
Total Delay(Hour) 0.14 0.15 0.17 0.19 
Total delay(hour) of Mainline & Ramp Meter 
Off 
0.50 0.76 0.89 0.96 
 
Case.2; when traffic volume increased, but still less than capacity. The results 
showed the mainline average delay increases (1%-60%) as mainline truck percentage 
increases. Without meter average delay increases (25%-68%). Ramp average delay 
with meter increases (6%-33 %), and without meter increases (31%-73%). The total 
delay increases with meter for the work zone network (2%-37%). So it can infer that 
metering is not decreasing delay (traffic performance) in this specific case.2. The 
ramp meter is reducing the effect of truck percentage into traffic performance (aver-
age delay). 
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Table 4-3 :  (Total Delay Case.2) 
veh/Input(1150) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average Delay(sec/veh) 5.4 6.4 8.6 14.7 
Vehicle # 792 792 789 790 
Total Delay(Hour) 1.19 1.41 1.88 3.23 
Ramp/Meter On 
Average Delay(sec/veh) 15.6 16.6 18.6 23.4 
Vehicle # 341 340 340 340 
Total Vehicle # 1133 1132 1129 1130 
Total Delay(Hour) 1.48 1.57 1.76 2.21 
Total delay(hour) of Mainline & Ramp Meter On 2.67 2.98 3.64 5.44 
Mainline / Meter 
OFF 
Average Delay(sec/veh) 5.6 7.5 9.7 17.7 
Vehicle # 792 790 790 785 
Total Delay(Hour) 1.23 1.65 2.13 3.86 
Ramp/Meter OFF 
Average Delay(sec/veh) 4.1 6 7.7 15.3 
Vehicle # 344 344 343 342 
Total Vehicle # 1136 1134 1133 1127 
Total Delay(Hour) 0.39 0.57 0.73 1.45 
Total delay(hour) of Mainline & Ramp Meter Off 1.62 2.22 2.86 5.31 
 
Case.3 with meter the average delay increases (57%-89%) as mainline truck per-
centage increases, without meter it increases (35%-88 %). Ramp average delay with 
meter increases (28%-81 %) as mainline truck percentage increases, and without 
meters it increases (27%-89%). Meter increases total delay for the work zone ranges 
(2%-30%). In this case study volume is within capacity still meter is not decreasing 
the total delay of the work zone. But increasing delay is lower than case.2.  
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Table 4-4 : (Total Delay Case.3) 
veh/Input(1240) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average Delay(sec/veh) 9.9 23 51 93 
Vehicle # 891 884 879 853 
Total Delay(Hour) 2.45 5.65 12.45 22.04 
Ramp/Meter On 
Average Delay(sec/veh) 18.6 26 48 102 
Vehicle # 329 328 326 317 
Total Vehicle # 1220 1212 1205 1170 
Total Delay(Hour) 1.70 2.37 4.35 8.98 
Total delay(hour) of Mainline & Ramp Meter On 4.15 8.02 16.80 31.02 
Mainline / Meter 
OFF 
Average Delay(sec/veh) 11 17 44 92 
Vehicle # 890 886 883 856 
Total Delay(Hour) 2.72 4.18 10.79 21.88 
Ramp/Meter OFF 
Average Delay(sec/veh) 9.4 13 38 92 
Vehicle # 331 328 328 326 
Total Vehicle # 1221 1214 1211 1182 
Total Delay(Hour) 0.86 1.18 3.46 8.33 
Total delay(hour) of Mainline & Ramp Meter 
Off 
3.58 5.37 14.25 30.21 
 
In Case.4; with meter the average delay increases (15%-18 %) as mainline truck 
percentage increases, and without meter it increases (7%-15%). Ramp average delay 
with meter increases (77%-85 %), as mainline truck percentages increases and with-
out meter it increases (27%-89 %). In this case Meter decreased total delay for the 
work zone ranges (5%-38 %). In this case study when volume is higher than capacity 
the truck percentage contribution in increasing delay is less than previous cases but 
meter decreases total delay of the network. This is an indication that metering is not 
effective in all scenarios for the work zone but in cases when volume is higher than 
capacity. 
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Table 4-5 : (Total Delay Case.4) 
veh/Input(1754) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average Delay(sec/veh) 198 233 236 240 
Vehicle # 973 910 826 827 
Total Delay(Hour) 53.52 58.90 54.15 55.13 
Ramp/Meter On 
Average Delay(sec/veh) 45 200 236 318 
Vehicle # 419 405 388 358 
Total Vehicle # 1392 1315 1214 1185 
Total Delay(Hour) 5.24 22.50 25.44 31.62 
Total delay(hour) of Mainline & Ramp Meter On 58.75 81.40 79.58 86.76 
Mainline / Meter 
OFF 
Average Delay(sec/veh) 221 240 254 260 
Vehicle # 1013 929 832 818 
Total Delay(Hour) 62.19 61.93 58.70 59.08 
Ramp/Meter OFF 
Average Delay(sec/veh) 277 257 214 296 
Vehicle # 384 393 421 377 
Total Vehicle # 1397 1322 1253 1195 
Total Delay(Hour) 29.55 28.06 25.03 31.00 
Total delay(hour) of Mainline & Ramp Meter Off 91.73 89.99 83.73 90.08 
 
In Case.5; with meter the average delay increases (2%-9%) as mainline truck per-
centage increases, without meter it increases (0%-4%). Ramp average delay with 
meter increases (12%-21%) as mainline truck percentage increases, and without me-
ter in it increases (10%-43%). In this case study meter decreased total delay for the 
work zone ranges (5%-10%). In this case study it is clear that metering decrease total 
delay of the network but the result also inferred that when volume is very high then 
truck percentage increase is not significant in increasing average delay.  
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Table 4-6 : (Total Delay Case .5) 
veh/Input(1954) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average Delay(sec/veh) 265 246 259 240 
Vehicle # 925 951 855 860 
Total Delay(Hour) 68.09 64.99 61.51 57.33 
Ramp/Meter On 
Average Delay(sec/veh) 205 233 260 260 
Vehicle # 441 377 421 377 
Total Vehicle # 1366 1328 1276 1237 
Total Delay(Hour) 25.11 24.40 30.41 27.23 
Total delay(hour) of Mainline & Ramp Meter 
On 
93.20 89.39 91.92 84.56 
Mainline / Meter 
OFF 
Average Delay(sec/veh) 257 247 246 248 
Vehicle # 968 912 892 863 
Total Delay(Hour) 69.10 62.57 60.95 59.45 
Ramp/Meter OFF 
Average Delay(sec/veh) 247 277 343 373 
Vehicle # 417 417 354 324 
Total Vehicle # 1385 1329 1246 1187 
Total Delay(Hour) 28.61 32.09 33.73 33.57 
Total delay(hour) of Mainline & Ramp Meter 
Off 
97.72 94.66 94.68 93.02 
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  Figure 4-3 : Total Delay Difference (With Meter - Without Meter) cases (1, 2, 3, 4, 
and 5)  
As it can be seen from figure (4-3) the delay difference with truck percentage is 
mostly effective with lowest truck percentage (10%). 
In Case.6; with meter the mainline average delay increases (13%-25%) as Ramp 
truck percentages increases and without meter it increasing (12%-22%). The ramp 
average delay with meter increases (19%-23%) as ramp truck percentage increases, 
and without meter it increases (7%-12%). But in this case study the meter decreased 
total delay for the work zone ranges (1%-11%).   
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Table 4-7 : (Total Delay Case.6) 
veh/Input(1240) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Delay(sec/veh) 13 15 23.3 
Vehicle # 886 883 882 
Total Delay(Hour) 3.20 3.68 5.71 
Ramp/Meter On 
Average Delay(sec/veh) 21.3 22.4 29 
Vehicle # 328 327 326 
Total Vehicle # 1214 1210 1208 
Total Delay(Hour) 1.94 2.03 2.63 
Total delay(hour) of Mainline & Ramp Meter On 5.14 5.71 8.33 
Mainline / Meter OFF 
Average Delay(sec/veh) 17 19.5 25 
Vehicle # 886 887 886 
Total Delay(Hour) 4.18 4.80 6.15 
Ramp/Meter OFF 
Average Delay(sec/veh) 13 17 21 
Vehicle # 328 327 327 
Total Vehicle # 1214 1214 1213 
Total Delay(hour) 1.18 1.54 1.91 
Total delay(hour) of Mainline & Ramp Meter Off 5.37 6.35 8.06 
 
     Figure 4-4: in Case studies (6, 7, and 8) the mainline volume and truck per-
centage is kept constant and the volume and truck percentage of the ramp is increas-
ing.  
In Case.7; with meter the mainline average delay increases (13%-43) as ramp truck 
percentage increases, without meter it increases (15%-32). Ramp average delay with 
meter increases (5%-27%) as ramp truck percentage increases, and without meter it 
increases (23%-38%). Meter decreased total delay for the work zone ranges 
(5%-11%). In this case study volume is within capacity. Meter decreased delay for 
whole network, by (4%-7%).  
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 Table 4-8 : (Total Delay Case.7) 
 
In Case.8; with meter the average delay on the mainline increases (1.5%-2%) as of 
ramp truck percentage increases ,and without meter it does increases (3%-7%). 
Ramp average delay increases (2%-4%) as ramp truck percentage increases, and 
without meter it increases (13%-17%). In this case study Meter decreased total delay 
for the work zone ranges (2%-5%). The result of this case study showed lower in-
crease of delay with the increase of truck percentage which can be results of high 
volume of the network.  
 
 
 
 
veh/Input(1754) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Delay(sec/veh) 228 238 221 
Vehicle # 949 926 966 
Total Delay(Hour) 60.10 61.22 59.30 
Ramp/Meter On 
Average Delay(sec/veh) 290 270 321 
Vehicle # 362 379 341 
Total Vehicle # 1311 1305 1307 
Total Delay(Hour) 29.16 28.43 30.41 
Total delay(hour) of Mainline & Ramp Meter On 89.26 89.64 89.71 
Mainline / Meter OFF 
Average Delay(sec/veh) 240 250 255 
Vehicle # 929 886 961 
Total Delay(Hour) 61.93 61.53 68.07 
Ramp/Meter OFF 
Average Delay(sec/veh) 258 242 281 
Vehicle # 422 419 346 
Total Vehicle # 1351 1305 1307 
Total Delay(hour) 30.24 28.17 27.01 
Total delay(hour) of Mainline & Ramp Meter Off 92.18 89.69 95.08 
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Table 4-9: (Total Delay Case.8) 
veh/Input(1854) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Delay(sec/veh) 231 226 230 
Vehicle # 899 935 942 
Total Delay(Hour) 57.69 58.70 60.18 
Ramp/Meter On 
Average Delay(sec/veh) 269 277 308 
Vehicle # 430 378 350 
Total Vehicle # 1329 1313 1292 
Total Delay(Hour) 32.13 29.09 29.94 
Total delay(hour) of Mainline & Ramp Meter On 89.82 87.78 90.13 
Mainline / Meter OFF 
Average Delay(hour) 256 249 270 
Vehicle # 852 912 864 
Total Delay(Hour) 60.59 63.08 64.80 
Ramp/Meter OFF 
Average Delay(sec/veh) 257 270 223 
Vehicle # 461 394 421 
Total Vehicle # 1313 1306 1285 
Total Delay(hour) 32.91 29.55 26.08 
Total delay(hour) of Mainline & Ramp Meter Off 93.50 92.63 90.88 
 
 
    Figure 4-4 : Total Delay Difference (With Meter - Without Meter) case (6, 7, 
and 8)  
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The VISSIM results based on case studies (1-8) as explained in table (4-1) for 
I-70MM125: 
Results of the MM125 ramp metering installation proved to be effective when vol-
ume is higher than capacity as cases(4,5,6,7,8) average delay and average number of 
stops tend to be deceases, and average speed increases. In cases (1,2,3,6) when de-
mand is less than capacity the trend of average speed with truck percentage with and 
without meter is the same decreasing with truck percentage, but no significant effect 
with and without meter scenarios. In cases 4, 5 metering increases average speed 
(3%-13%). In cases 7, 8 metering increases average speed (0%-5%). The average 
number of stops has almost the same trend with cases (1, 2, 3, 6).  
 
Work Zone Site (I-70@Mile Marker 126) 
Figure 4-5 : MM126 photo taken from Google Map 
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Figure 4-6 : Video shot of Meter location on field 
 
         Figure 4-7: Node Length 8100ft (1.534) mile 
 
 
 
 61 
 
 
 
 
Work zone with ramp metering and its effect on mobility (capacity) delay (trav-
el time) MM 126 
In Case.1; with meter the mainline average delay increases (9%-23%) as mainline 
truck percentage increases, and without meter it increases (10-25) %. The ramp av-
erage delay increases with meter (8%-25%) as mainline truck percentage increases 
and without meter increases (0%-20%). Meter increased total delay (23%-26%). As 
it can be inferred from figure (4-9), in case.1 the truck percentage significantly in-
creases average delay. The total delay of the network is not decreasing with meter or 
meter is not proved to be an effective means of control for this specific case.1. 
Figure 4-8: Geometry of the work zone 
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Table 4-10 : (Total Delay Case.1) 
veh/Input(900) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average De-
lay(sec/Veh) 
10 11 11 13 
Vehicle # 627 627 627 627 
Total Delay(Hour) 1.74 1.92 1.92 2.26 
Ramp/Meter On 
Average De-
lay(sec/Veh) 
11 11 12 13 
Vehicle # 237 237 237 237 
Total Vehicle # 864 864 864 864 
Total Delay(Hour) 0.72 0.72 0.79 0.86 
Total delay(hour) of Mainline & Ramp Meter 
On 
2.47 2.64 2.71 3.12 
Mainline / Meter 
OFF 
Average De-
lay(sec/Veh) 
9 10 10 12 
Vehicle # 627 627 627 627 
Total Delay(Hour) 1.57 1.74 1.74 2.09 
Ramp/Meter OFF 
Average De-
lay(sec/Veh) 
4 4 4 5 
Vehicle # 237 237 237 237 
Total Vehicle # 864 864 864 864 
Total Delay(Hour) 0.26 0.26 0.26 0.33 
Total delay(hour) of Mainline & Ramp Meter 
Off 
1.83 2.01 2.01 2.42 
 
In Case.2; with meter mainline average delay increases (11%-44%) as mainline 
truck percentage increases and without meter it increases (12%-44%). Ramp average 
delay with meter increases (12%-37%) as mainline truck percentage increase, and 
without meter it increases (14%-66%). So the total delay increases with meter 
(22%-26%). The result is the same as the previous field study. Since the volume for 
this case is less than capacity so the meter not just decrease the delay but oppositely 
increases total delay.  
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Table 4-11 : (Total Delay Case.2) 
veh/Input(1150) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average De-
lay(sec/Veh) 
15 17 20 25 
Vehicle # 821 816 815 817 
Total Delay(Hour) 3.42 3.85 4.53 5.67 
Ramp/Meter On 
Average De-
lay(sec/Veh) 
15 17 19 24 
Vehicle # 282 283 283 281 
Total Vehicle # 1103 1099 1098 1098 
Total Delay(Hour) 1.18 1.34 1.49 1.87 
Total delay(hour) of Mainline & Ramp Meter On 4.60 5.19 6.02 7.55 
Mainline / Meter OFF 
Average De-
lay(sec/Veh) 
14 16 18 25 
Vehicle # 817 817 817 818 
Total Delay(Hour) 3.18 3.63 4.09 5.68 
Ramp/Meter OFF 
Average De-
lay(sec/Veh) 
6 7 9 18 
Vehicle # 283 283 283 283 
Total Vehicle # 1100 1100 1100 1101 
Total Delay(Hour) 0.47 0.55 0.71 1.42 
Total delay(hour) of Mainline & Ramp Meter 
Off 
3.65 4.18 4.79 7.10 
 
 
In Case.3; with meter mainline average delay increases (13%-64%) as mainline 
truck percentage increases and without meter it increases (16%-63%). Ramp average 
delay with meter increases (9%-63%), and without meter it increases (28%-78%). It 
can be seen that meter reduce the effect of truck percentage on increasing average 
delay. But the total delay increases with meter for the work zone ranges (4%-10%). 
In this case study volume is higher than case.1 and case.2 but still it is not higher 
than capacity. It is within capacity so the average delay is increasing with increase of 
mainline truck percentage. Ramp meter increases total delay of the network. 
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Table 4-12 : (Total Delay Case.3) 
veh/Input(1240) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average De-
lay(sec/Veh) 
19 22 29 53 
Vehicle # 865 866 863 851 
Total Delay(Hour) 4.57 5.29 6.95 12.53 
Ramp/Meter On 
Average De-
lay(sec/Veh) 
20 22 29 55 
Vehicle # 322 322 320 314 
Total Vehicle # 1187 1188 1183 1165 
Total Delay(Hour) 1.79 1.97 2.58 4.80 
Total delay(hour) of Mainline & Ramp Meter 
On 
6.35 7.26 9.53 17.33 
Mainline / Meter 
OFF 
Average De-
lay(sec/Veh) 
20 24 30 54 
Vehicle # 866 864 861 845 
Total Delay(Hour) 4.81 5.76 7.18 12.68 
Ramp/Meter OFF 
Average De-
lay(sec/Veh) 
10 14 20 46 
Vehicle # 322 322 319 315 
Total Vehicle # 1188 1186 1180 1160 
Total Delay(Hour) 0.89 1.25 1.77 4.03 
Total delay(hour) of Mainline & Ramp Meter 
Off 
5.71 7.01 8.95 16.70 
 
 
In Case.4: with meter the mainline average delay increases (27%-42%) as an in-
crease of mainline truck percentage and without meter it increases (16%-34%). 
Ramp average delay with meter increases (15%-39%) as mainline truck percentages 
increases, and without meter it increases (9%-33%). Meter decreased network total 
delay ranges (3%-13%). In case.4 when volume is higher than capacity the increase 
of delay with truck percentage with and without ramp is almost the same in the 
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mainline. Meter proved to be effective means of control in this case by decreasing 
the average delay for the whole network as table (4-13).  
 
Table 4-13 : (Total Delay Case.4) 
veh/Input(1754) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average De-
lay(sec/Veh) 
243 336 386 420 
Vehicle # 975 948 927 895 
Total Delay(Hour) 65.81 88.48 99.40 104.42 
Ramp/Meter On 
Average De-
lay(sec/Veh) 
333 391 458 553 
Vehicle # 373 360 314 287 
Total Vehicle # 1348 1308 1241 1182 
Total Delay(Hour) 34.50 39.10 39.95 44.09 
Total delay(hour) of Mainline & Ramp Meter 
On 
100.32 127.58 139.34 148.50 
Mainline / Meter 
OFF 
Average De-
lay(sec/Veh) 
293 350 399 445 
Vehicle # 956 931 927 880 
Total Delay(Hour) 77.81 90.51 102.74 108.78 
Ramp/Meter OFF 
Average De-
lay(sec/Veh) 
342 379 440 514 
Vehicle # 398 361 316 302 
Total Vehicle # 1354 1292 1243 1182 
Total Delay(Hour) 37.81 38.01 38.62 43.12 
Total delay(hour) of Mainline & Ramp Meter 
Off 
115.62 128.52 141.36 151.90 
In Case.5; with meter the average delay increases (17%-20%) as truck percentage 
increases in the mainline and without meter it increases (6%-10%). Ramp average 
delay with meter increases (17%-25%) as mainline truck percentages increases, and 
without meter it increases (11%-27%). The total delay decreases with meter for the 
work zone ranges (2%-12%). The result showed that as traffic volume increasing 
higher than capacity the effect of truck percentage in increasing delay reduces than 
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other cases when volume is less than or within capacity. But the total delay of the 
network decreases with meter or meter is became an effective means of control in 
this case. 
 
Table 4-14 : (Total Delay Case.5) 
veh/Input(1954) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average De-
lay(sec/Veh) 
370 445 458 465 
Vehicle # 1063 996 962 928 
Total Delay(Hour) 
109.2
5 
123.12 122.39 119.87 
Ramp/Meter On 
Average De-
lay(sec/Veh) 
500.0
0 
626.00 605.00 665.00 
Vehicle # 294 296 272 253 
Total Vehicle # 1357 1292 1234 1181 
Total Delay(Hour) 40.83 51.47 45.71 46.73 
Total delay(hour) of Mainline & Ramp Me-
ter On 
150.0
9 
174.59 168.10 166.60 
Mainline / Meter 
OFF 
Average De-
lay(sec/Veh) 
446 474 479 498 
Vehicle # 1023 991 947 912 
Total Delay(Hour) 
126.7
4 
130.48 126.00 126.16 
Ramp/Meter OFF 
Average De-
lay(sec/Veh) 
475 539 608 653 
Vehicle # 347 310 295 268 
Total Vehicle # 1370 1301 1242 1180 
Total Delay(Hour) 45.78 46.41 49.82 48.61 
Total delay(hour) of Mainline & Ramp Me-
ter Off 
172.5
2 
176.90 175.83 174.77 
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 Figure 4-9: Total Delay Difference (With Meter - Without Meter) cases (1, 2, 3, 4, 
and 5) 
 
The following 3 cases are considered the volume and truck percentage of the main-
line constant while changing the ramp volume and truck percentage. 
In Case.6; with meter the mainline average delay increases (4%-8%) as Ramp truck 
percentage increases and without meter it is constant or (0%). The ramp average de-
lay with meter increases (0%-3%) as ramp truck percentage increases, and without 
meter it does increase (7%-12%). But in this case study the meter increased total de-
lay for the work zone ranges (3%-11%).   
It can be inferred from table (4-14) case.6 that ramp track percentage and its increase 
is not really effecting mainline performance especially when meter is active the truck 
percentage is not changing the network performance at all. The network total delay 
is also increasing with meter. 
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Table 4-15 : (Total Delay Case.6) 
veh/Input(1240) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Delay(sec/Veh) 22 24 23 
Vehicle # 866 863 864 
Total Delay(Hour) 5.29 5.75 5.52 
Ramp/Meter On 
Average Delay(sec/Veh) 22 25 25 
Vehicle # 322 322 322 
Total Vehicle # 1188 1185 1186 
Total Delay(Hour) 1.97 2.24 2.24 
Total delay(hour) of Mainline & Ramp Meter On 7.26 7.99 7.76 
Mainline / Meter OFF 
Average Delay(sec/Veh) 24 24 24 
Vehicle # 864 863 860 
Total Delay(Hour) 5.76 5.75 5.73 
Ramp/Meter OFF 
Average Delay(sec/Veh) 14 15 16 
Vehicle # 322 322 320 
Total Vehicle # 1186 1185 1180 
Total Delay(Hour) 1.25 1.34 1.42 
Total delay(hour) of Mainline & Ramp Meter Off 7.01 7.10 7.16 
 
In Case.7; with meter the mainline average delay increases (2%-4%) as ramp truck 
percentage increases and without meter it increases(8%-10%). Ramp average delay 
increases with meter (2%-5%) as ramp truck percentage increases, and without meter 
in increases (6%-7%). In this case study meter decreased total delay for the work 
zone ranges (0%-8%). with meter the truck percentage effect is not considerable on 
the mainline and ramp average delay. It might be as results of traffic high volume. 
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Table 4-16 : (Total Delay Case.7) 
veh/Input(1754) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Delay(sec/Veh) 337 344 350 
Vehicle # 958 947 944 
Total Delay(Hour) 89.68 90.49 91.78 
Ramp/Meter On 
Average Delay(sec/Veh) 390 399 409 
Vehicle # 342 334 325 
Total Vehicle # 1300 1281 1269 
Total Delay(Hour) 37.05 37.02 36.92 
Total delay(hour) of Mainline & Ramp Meter On 126.73 127.51 128.70 
Mainline / Meter OFF 
Average Delay(sec/Veh) 337 368 373 
Vehicle # 961 936 932 
Total Delay(Hour) 89.96 95.68 96.57 
Ramp/Meter OFF 
Average Delay(sec/Veh) 360 383 385 
Vehicle # 345 348 349 
Total Vehicle # 1306 1284 1281 
Total Delay(Hour) 34.50 37.02 37.32 
Total delay(hour) of Mainline & Ramp Meter Off 124.46 132.70 133.89 
 
In Case.8; with meter mainline average delay increases (0%-1)% as ramp truck per-
centage increases and without meter it increases (1%-2%). Ramp average delay in-
creases with meter ranges (3%-28%), and without meter it increases (1%-6%). But in 
this case study the total delay decreases with meter for the work zone ranges 
(17%-20%). The truck percentage increase on ramp is not effected mainline perfor-
mance especially when meter is active, but the ramp delay increases with increase of 
truck percentage on the ramp.  
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Table 4-16: (Total Delay Case.8) 
veh/Input(1854) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Delay(sec/Veh) 234 234 232 
Vehicle # 961 967 976 
Total Delay(Hour) 62.47 62.86 62.90 
Ramp/Meter On 
Average Delay(sec/Veh) 359 332 345 
Vehicle # 322 316 307 
Total Vehicle # 1283 1283 1283 
Total Delay(Hour) 32.11 29.14 29.42 
Total delay(hour) of Mainline & Ramp Meter On 94.58 92.00 92.32 
Mainline / Meter OFF 
Average Delay(sec/Veh) 290 294 296 
Vehicle # 943 955 964 
Total Delay(Hour) 75.96 77.99 79.26 
Ramp/Meter OFF 
Average Delay(sec/Veh) 393 398 417 
Vehicle # 347 331 316 
Total Vehicle # 1290 1286 1280 
Total Delay(Hour) 37.88 36.59 36.60 
Total delay(hour) of Mainline & Ramp Meter Off 113.84 114.59 115.87 
 
 
 
Figure 4-10 : Total Delay Difference (With Meter - Without Meter) cases (6, 7, and 8) 
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The average speed decreases with meter in cases (1,2,3,4,5)(0%-7%), And in cas-
es(6,7,8) increases (3%-21%). The average number of stop follows almost the same 
trend with delay and average speed, in cases(1,2,3) the number of stops are zero in 
both with and without scenarios while in cases 4,5 it decreases (5%-17%) with the 
meter and , in cases 7,8 it decreased by 15%. 
 
4.3. Work Zone Site (I-70 @Mile Marker 128) 
 
    Figure 4-11: Geometry and data collection points of MM128 
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     Figure 4-12: Node for MM128 is 1.8 mile in length  
 
 
In Case.1; the mainline average delay increases (11%-20%), as mainline truck per-
centage increases and without meter it increases (0%-16%). The ramp average delay 
increases with meter (0%-7%) as mainline truck percentage increases and without 
meter it increases (0%-16%). Meter increased total delay (23%-26%) as it can be 
inferred from figure (4-13). The results of this filed is following the same trend as 
field 1 and 2. As the meter is turned on the truck percentage increase increases delay 
on both mainline and ramp. And ramp meter increases the network total delay. 
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Table 4-17 : (Total Delay Case.1) 
veh/Input(900) Mainline Truck% 10.00 20.00 30.00 40.00 
Mainline / Meter On 
Average Delay(sec/Veh) 16.00 18.00 19.00 20.00 
Vehicle # 621.00 621.00 619.00 620.00 
Total Delay(Hour) 2.76 3.11 3.27 3.44 
Ramp/Meter On 
Average Delay(sec/Veh) 13.00 13.00 14.00 14.00 
Vehicle # 234.00 234.00 234.00 234.00 
Total Vehicle # 855.00 855.00 853.00 854.00 
Total Delay(Hour) 0.85 0.85 0.91 0.91 
Total delay(hour) of Mainline & Ramp Meter 
On 
3.61 3.95 4.18 4.35 
Mainline/ Meter 
OFF 
Average Delay(sec/Veh) 5.00 5.00 6.00 6.00 
Vehicle # 624.00 624.00 624.00 624.00 
Total Delay(Hour) 0.87 0.87 1.04 1.04 
Ramp/Meter OFF 
Average Delay(sec/Veh) 5.00 6.00 6.00 6.00 
Vehicle # 237.00 237.00 237.00 237.00 
Total Vehicle # 861.00 861.00 861.00 861.00 
Total Delay(Hour) 0.33 0.40 0.40 0.40 
Total delay(hour) of Mainline & Ramp Meter 
Off 
1.20 1.26 1.44 1.44 
 
In Case.2; with meter mainline average delay increases (7%-17%) as mainline truck 
percentage increases, and without meter it increases (10%-43%). Ramp average de-
lay with meter increases (0%-10%) as mainline truck percentage increases, and 
without meter it increases (0%-6%). So the total delay increases with meter for the 
work zone ranges (40%-60) It can be said that meter is not improving traffic perfor-
mance of freeway work zones when the volume is less than capacity.  
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Table 4-18 : (Total Delay Case.2) 
veh/Input(1150) Mainline Truck% 10.00 20.00 30.00 40.00 
Mainline / Meter 
On 
Average Delay(sec/Veh) 25.00 27.00 30.00 32.00 
Vehicle # 810.00 807.00 807.00 794.00 
Total Delay(Hour) 5.63 6.05 6.73 7.06 
Ramp/Meter On 
Average Delay(sec/Veh) 19.00 19.00 21.00 21.00 
Vehicle # 280.00 280.00 278.00 279.00 
Total Vehicle # 1090.00 1087.00 1085.00 1073.00 
Total Delay(Hour) 1.48 1.48 1.62 1.63 
Total delay(hour) of Mainline & Ramp Meter 
On 
7.10 7.53 8.35 8.69 
Mainline / Meter 
OFF 
Average De-
lay(sec/Veh) 
9.00 10.00 15.00 16.00 
Vehicle # 818.00 815.00 810.00 807.00 
Total Delay(Hour) 2.05 2.26 3.38 3.59 
Ramp/Meter OFF 
Average De-
lay(sec/Veh) 
9.40 10.00 18.00 20.00 
Vehicle # 283.00 283.00 281.00 279.00 
Total Vehicle # 1101.00 1098.00 1091.00 1086.00 
Total Delay(Hour) 0.74 0.79 1.41 1.55 
Total delay(hour) of Mainline & Ramp Meter 
Off 
2.78 3.05 4.78 5.14 
 
 
In Case.3; with meter mainline average delay increases (9%-31%) as mainline truck 
percentage increases and without meter it increases (20%-60%). And Ramp average 
delay with meter increases (4%-30%)as increase of mainline truck percentage, and 
without meter it increases (28%-78%). the total delay increases with meter for the 
work zone ranges (-3% to 41%). When volume is within capacity still metering is 
not an effective mean of control and it increase delay which means decrease work 
zones performance.  
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Table 4-19: (Total Delay Case.3) 
veh/Input(1240) Mainline Truck% 10.00 20.00 30.00 40.00 
Mainline / Meter 
On 
Average Delay(sec/Veh) 31.00 34.00 39.00 45.00 
Vehicle # 857.00 847.00 837.00 831.00 
Total Delay(Hour) 7.38 8.00 9.07 10.39 
Ramp/Meter On 
Average Delay(sec/Veh) 23.00 24.00 25.00 33.00 
Vehicle # 315.00 315.00 312.00 312.00 
Total Vehicle # 1172.00 1162.00 1149.00 1143.00 
Total Delay(Hour) 2.01 2.10 2.17 2.86 
Total delay(hour) of Mainline & Ramp Meter 
On 
9.39 10.10 11.23 13.25 
Mainline / Meter 
OFF 
Average De-
lay(sec/Veh) 
16.00 21.00 20.00 41.00 
Vehicle # 859.00 854.00 848.00 831.00 
Total Delay(Hour) 3.82 4.98 4.71 9.46 
Ramp/Meter OFF 
Average De-
lay(sec/Veh) 
16.00 20.00 23.00 52.00 
Vehicle # 319.00 318.00 315.00 314.00 
Total Vehicle # 1178.00 1172.00 1163.00 1145.00 
Total Delay(Hour) 1.42 1.77 2.01 4.54 
Total delay(hour) of Mainline & Ramp Meter 
Off 
5.24 6.75 6.72 14.00 
 
In Case.4 With meter mainline average delay increases (13%-27%) as mainline 
truck percentage increases, and without meter it increases (3%-18%). And ramp av-
erage delay with meter increases (12%-38%) as mainline truck percentage increases, 
and without meter (8%-32%). In this case study Meter decreased total delay for the 
work zone ranges (18%-28%). As volume increased higher than capacity meter de-
creased average delay of both mainline and ramp and finally the network total delay 
decreased following the same trend other performances improved such as (average 
speed, number of stops, and Queue). 
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Table 4-20 : (Total Delay Case.4) 
 
veh/Input(1754) 
Mainline Truck% 10.00 20.00 30.00 40.00 
Mainline / Meter On 
Average De-
lay(sec/Veh) 
182.00 210.00 233.00 250.00 
Vehicle # 963.00 968.00 957.00 937.00 
Total Delay(Hour) 48.69 56.47 61.94 65.07 
Ramp/Meter On 
Average De-
lay(sec/Veh) 
267.00 304.00 371.00 435.00 
Vehicle # 346.00 311.00 286.00 274.00 
Total Vehicle # 1309.00 1279.00 1243.00 1211.00 
Total Delay(Hour) 25.66 26.26 29.47 33.11 
Total delay(hour) of Mainline & Ramp Meter 
On 
74.35 82.73 91.41 98.18 
Mainline / Meter OFF 
Average De-
lay(sec/Veh) 
260.00 268.00 281.00 319.00 
Vehicle # 955.00 953.00 953.00 919.00 
Total Delay(Hour) 68.97 70.95 74.39 81.43 
Ramp/Meter OFF 
Average De-
lay(sec/Veh) 
301.00 326.00 389.00 444.00 
Vehicle # 354.00 334.00 300.00 288.00 
Total Vehicle # 1309.00 1287.00 1253.00 1207.00 
Total Delay(Hour) 29.60 30.25 32.42 35.52 
Total delay(hour) of Mainline & Ramp Meter 
Off 
98.57 101.19 106.80 116.95 
 
In Case.5; with meter mainline average delay increases (4%-12%) as mainline truck 
percentage increases and without meter it increases (6%-10%). The ramp average 
delay with meter increases (20%-30%) as mainline truck percentages increases, and 
without meter it increases (1%-30%). Meter decreased total delay for the work zone 
ranges (0%-10%). The first finding of this case study is when volume is very high 
than capacity then the effect of truck percentage in increasing average delay become 
lower. And Meter improves work zone performance by decreasing total delay for 
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whole network which also means decrease of number of stops, increasing average 
speed. 
 
 
Table 4-21: (Total Delay Case.5) 
Veh/Input(1954) Mainline Truck% 10.00 20.00 30.00 40.00 
Mainline / Meter 
On 
Average De-
lay(sec/Veh) 
284.00 297.00 323.00 324.00 
Vehicle # 1060.00 1041.00 1009.00 991.00 
Total Delay(Hour) 83.62 85.88 90.53 89.19 
Ramp/Meter On 
Average De-
lay(sec/Veh) 
443.00 553.00 591.00 632.00 
Vehicle # 268.00 243.00 236.00 216.00 
Total Vehicle # 1328.00 1284.00 1245.00 1207.00 
Total Delay(Hour) 32.98 37.33 38.74 37.92 
Total delay(hour) of Mainline & Ramp Me-
ter On 
116.60 123.21 129.27 127.11 
Mainline / Meter 
OFF 
Average De-
lay(sec/Veh) 
334.00 356.00 354.00 372.00 
Vehicle # 1066.00 1031.00 1004.00 971.00 
Total Delay(Hour) 98.90 101.95 98.73 100.34 
Ramp/Meter OFF 
Average De-
lay(sec/Veh) 
444.00 534.00 623.00 678.00 
Vehicle # 266.00 249.00 236.00 240.00 
Total Vehicle # 1332.00 1280.00 1240.00 1211.00 
Total Delay(Hour) 32.81 36.94 40.84 45.20 
Total delay(hour) of Mainline & Ramp Me-
ter Off 
131.71 138.89 139.57 145.54 
 
As it was explained in pervious tables meter application in the freeway work zone is 
not effective in all situations but in some specific cases. Figure (4-13) shows delay 
changes with meter in percentage; in cases (1-3) delay increases and with cases (4, 
and 5) delay decreases with meter application. 
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Figure 4-13: Total Delay Difference (With Meter - Without Meter) cases (1, 2, 3, 4, 
and 5)   
 
In Case.6; with meter the mainline averages delay increases (0%) as ramp truck 
percentage increases and without meter in increases (6%-11%). Ramp average delay 
with meter increases ranges (0%-7%) as ramp truck percentage increases, and with-
out meter it increases (11%-20%). But in this case study the total delay increases 
with the meter for the work zone ranges (40%-48%). In this case study when the 
ramp volume and truck percentage are variables examined the installation of meter-
ing and its effect. The results showed that meter did not improved total network per-
formance (volume is within capacity). It can be seen that increase of ramp truck per-
centage when meter is active is not really affect mainline performance. 
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Table 4-21 : (Total Delay Case.6) 
veh/Input(1240) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Delay(sec/Veh) 34 34 34 
Vehicle # 845 842 843 
Total Delay(Hour) 7.98 7.95 7.96 
Ramp/Meter On 
Average Delay(sec/Veh) 24 26 26 
Vehicle # 315 313 311 
Total Vehicle # 1160 1155 1154 
Total Delay(Hour) 2.10 2.26 2.25 
Total delay(hour) of Mainline & Ramp Meter On 10.08 10.21 10.21 
Mainline / Meter OFF 
Average Delay(sec/Veh) 16 17 18 
Vehicle # 859 859 858 
Total Delay(Hour) 3.82 4.06 4.29 
Ramp/Meter OFF 
Average Delay(sec/Veh) 16 18 20 
Vehicle # 319 320 320 
Total Vehicle # 1178 1179 1178 
Total Delay(Hour) 1.42 1.60 1.78 
Total delay(hour) of Mainline & Ramp Meter Off 5.24 5.66 6.07 
 
In Case.7; with meter mainline average delay increases (2%-4%) as ramp truck per-
centage increases and without meter it increase (0%-3%). Ramp average delay with 
meter increases ranges (9%-17%)as ramp truck percentage increases, and without 
meter it increases (0%-4%). In this case study meter decreased total delay of the 
network ranges (15%-19%). This case study follows almost the same trend as case.6 
in term of truck percentage and its effect. 
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Table 4-22: (Total Delay Case.7) 
veh/Input(1754) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Delay(sec/Veh) 209 218 214 
Vehicle # 968 961 976 
Total Delay(Hour) 56.20 58.19 58.02 
Ramp/Meter On 
Average Delay(sec/Veh) 304 333 366 
Vehicle # 311 314 309 
Total Vehicle # 1279 1275 1285 
Total Delay(Hour) 26.26 29.05 31.42 
Total delay(hour) of Mainline & Ramp Meter On 82.46 87.24 89.43 
Mainline / Meter OFF 
Average Delay(sec/Veh) 268 275 275 
Vehicle # 953 968 968 
Total Delay(Hour) 70.95 73.94 73.94 
Ramp/Meter OFF 
Average Delay(sec/Veh) 335 346 347 
Vehicle # 326 308 308 
Total Vehicle # 1279 1276 1276 
Total Delay(Hour) 30.34 29.60 29.69 
Total delay(hour) of Mainline & Ramp Meter Off 101.28 103.55 103.63 
 
In Case.8; with meter mainline average delay increases (0%-1%) as ramp truck per-
centage increases in ramp and without meter it increases (1%-2%). Ramp average 
delay increases with meter (5%-7%), and without meter it increases (1%-6%). Meter 
decreased total delay for the work zone ranges (18%-20%). Case studies (7, 8) fol-
low the same trend in term of traffic performance and metering application.  
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Table 4-23 : (Total Delay Case.8) 
Veh/Input(1854) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Delay(sec/Veh) 234 234 232 
Vehicle # 961 967 976 
Total Delay(Hour) 62.47 62.86 62.90 
Ramp/Meter On 
Average Delay(sec/Veh) 359 332 345 
Vehicle # 322 316 307 
Total Vehicle # 1283 1283 1283 
Total Delay(Hour) 32.11 29.14 29.42 
Total delay(hour) of Mainline & Ramp Meter On 94.58 92.00 92.32 
Mainline / Meter OFF 
Average Delay(sec/Veh) 290 294 296 
Vehicle # 943 955 964 
Total Delay(Hour) 75.96 77.99 79.26 
Ramp/Meter OFF 
Average Delay(sec/Veh) 393 398 417 
Vehicle # 347 331 316 
Total Vehicle # 1290 1286 1280 
Total Delay(Hour) 37.88 36.59 36.60 
Total delay(hour) of Mainline & Ramp Meter Off 113.84 114.59 115.87 
Figure (4-14) clearly shows the same results which discussed in the above related 
tables. With meter network traffic performance improved in cases 7, 8 but not in 
case.6 which can as an effect of low volume. 
 
Figure 4-14: Total Delay Difference (With Meter - Without Meter) cases (6, 7, and8) 
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In 128MM the effect of metering on work zone and considering traffic performances 
such as average speed and number of stops is explained on (appendixes A, B). 
Meter decreases average speed in cases (1, 2, 3) by 2% while increases average 
speed (4%-14%) in cases 4,5. Average speed increases (2%-22%) in cases (6, 7, 8). 
The average number of stops as the other field studies, zero stops in cases (1, 2, 3), 
and in cases,4,5 number of stops decreased with meter 
4.4. Work Zone Site (Highway 63 Right Lane Closed) 
 
 
Figure 4-15: (Hwy 63@Stadium) 
 
Hwy 63 @ Stadium Entrance July/ 12
th
/2011 Right Lane closed 
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Figure 4-16 : The work zone location is 0.42 mile (2218 ft) from the gore point 
 
 
 Part one right lane closed:  
 
 
 
Figure 4-17: Geometry and data collection points’ Right lane closed 
 
 84 
 
 
Work zone with ramp metering and its effect on mobility (capacity) delay (travel 
time) 
The VISSIM results based on case studies (1-8) as explained in table (4-1) for Hwy 
63 right lane closed. Case.1 with meter mainline average delay increases (26%-31%) 
as mainline truck percentage increases, and without meters it increases (17%-26%). 
The ramp delay increases with meter (0%-11%) as truck percentage increases in the 
mainline and without meter it increases (0%-17%). The total delay increases with 
meter (27%-35%) as it can be inferred from figure (4-18). Meter is not proved to be 
effective but it slow down the traffic movement of the network. So meter is not sig-
nificant with lower volume freeway work zone.  
 
 
Table 4-24: (Total Delay Case.1) 
veh/Input(900) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average Delay(sec/veh) 2 2 2.7 2.9 
Vehicle # 635 635 635 635 
Total Delay(Hour) 0.35 0.35 0.48 0.51 
Ramp/Meter On 
Average Delay(sec/veh) 8 8 9 9 
Vehicle # 248 248 248 248 
Total Vehicle # 883 883 883 883 
Total Delay(Hour) 0.55 0.55 0.62 0.62 
Total delay(hour) of Mainline & Ramp Meter On 0.90 0.90 1.10 1.13 
Mainline / Meter OFF 
Average Delay(sec/veh) 2 2 2.4 2.7 
Vehicle # 635 635 635 635 
Total Delay(Hour) 0.35 0.35 0.42 0.48 
Ramp/Meter OFF 
Average Delay(sec/veh) 2 2 2.4 2.5 
Vehicle # 248 248 248 248 
Total Vehicle # 883 883 883 883 
Total Delay(Hour) 0.14 0.14 0.17 0.17 
Total delay(hour) of Mainline & Ramp Meter Off 0.49 0.49 0.59 0.65 
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In Case.2; with meter mainline average delay increases (20%-70%) as mainline 
truck percentage increases and without meter it increases (18%-54%). Ramp average 
delay with meter increases (7%-40%) as mainline truck percentages increases, and 
without meter it increases (21%-55%). Finally the total delay increases with meter 
for the work zone network, ranges (45%-50%). This case study has higher volume 
than case.1. 
 
Table 4-25: (Total Delay Case.2) 
veh/Input(1150) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average Delay(sec/veh) 3.8 4.8 6.5 13 
Vehicle # 782 781 780 777 
Total Delay(Hour) 0.83 1.04 1.41 2.81 
Ramp/Meter On 
Average Delay(sec/veh) 13.7 14.7 16 23 
Vehicle # 340 340 340 340 
Total Vehicle # 1122 1121 1120 1117 
Total Delay(Hour) 1.29 1.39 1.51 2.17 
Total delay(hour) of Mainline & Ramp Meter On 2.12 2.43 2.92 4.98 
Mainline / Meter 
OFF 
Average Delay(sec/veh) 3.7 4.5 6 8 
Vehicle # 784 788 778 777 
Total Delay(Hour) 0.81 0.99 1.30 1.73 
Ramp/Meter OFF 
Average Delay(sec/veh) 3.6 4.5 6 8 
Vehicle # 340 344 341 343 
Total Vehicle # 1124 1132 1119 1120 
Total Delay(Hour) 0.34 0.43 0.57 0.76 
Total delay(hour) of Mainline & Ramp Meter Off 1.15 1.42 1.87 2.49 
 
In Case.3; with meter average delay increases (37%-91%) as mainline truck per-
centage increase and without meter it increases (53%-90%). Ramp average delay 
with meter increases (26%-81%) as mainline truck percentage increases, and without 
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meters it increases (60%-91%). In fact Meter increases total delay for the work zone 
ranges (15%-32%). In this case study the total delay increase is less than case1.and 
case.2 where volume is less than capacity. But still truck percentage affects network 
performance. 
Table 4-26: (Total Delay Case.3) 
veh/Input(1240) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average De-
lay(sec/veh) 
7.5 12 39 86 
Vehicle # 874 871 867 846 
Total Delay(Hour) 1.82 2.90 9.39 20.21 
Ramp/Meter On 
Average De-
lay(sec/veh) 
17 23 49 92 
Vehicle # 327 326 323 317 
Total Vehicle # 1201 1197 1190 1163 
Total Delay(Hour) 1.54 2.08 4.40 8.10 
Total delay(hour) of Mainline & Ramp Meter 
On 
3.37 4.99 13.79 28.31 
Mainline / Meter 
OFF 
Average De-
lay(sec/veh) 
7 15 37 75 
Vehicle # 878 873 872 855 
Total Delay(Hour) 1.71 3.64 8.96 17.81 
Ramp/Meter OFF 
Average De-
lay(sec/veh) 
6 15 37 72 
Vehicle # 339 331 330 321 
Total Vehicle # 1217 1204 1202 1176 
Total Delay(Hour) 0.57 1.38 3.39 6.42 
Total delay(hour) of Mainline & Ramp Meter 
Off 
2.27 5.02 12.35 24.23 
 
Case.4 with meter mainline average delay increases (1%-3%) as mainline truck per-
centages increases and without meter it increases (10%-16%). Ramp average delay 
increases with meter (34%-46%), and without meter (43%-64%). Meter decreased 
total delay in this case study for the work zone (10%-32%). The truck percentage is 
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not really increases delay when meter is on but without meter it is increasing delay 
for the mainline. Ramp average delay increases with increase of truck percentage 
with and without meter almost the same trend. In this case volume is above capacity 
and meter decrease total delay of the freeway work zone. 
 
Table 4-27: (Total Delay Case.4) 
veh/Input(1754) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average Delay(sec/veh) 226 230 232 224 
Vehicle # 1053 1005 962 953 
Total Delay(Hour) 66.11 64.21 62.00 59.30 
Ramp/Meter On 
Average Delay(sec/veh) 278 423 456 520 
Vehicle # 344 318 280 248 
Total Vehicle # 1397 1323 1242 1201 
Total Delay(Hour) 26.56 37.37 35.47 35.82 
Total delay(hour) of Mainline & Ramp Meter On 92.67 101.57 97.46 95.12 
Mainline / Meter OFF 
Average Delay(sec/veh) 247 276 286 293 
Vehicle # 1071 999 969 955 
Total Delay(Hour) 73.48 76.59 76.98 77.73 
Ramp/Meter OFF 
Average Delay(sec/veh) 321 572 586 899 
Vehicle # 335 272 250 254 
Total Vehicle # 1406 1271 1219 1209 
Total Delay(Hour) 29.87 43.22 40.69 63.43 
Total delay(hour) of Mainline & Ramp Meter Off 103.35 119.81 117.68 141.16 
 
In Case.5; with meter mainline average delay increases (4%-8%) as mainline truck 
percentage increases and without meter it increases (1%-5%). Ramp average delay 
with meter increases (19%-23%) as mainline truck percentage increases, and without 
meter it increases (2%-28%).In this case study the total delay decreases with meter 
for the work zone ranges (7%-13%).As volume increases higher than capacity then 
in both scenario of with and without meter truck percentage increase is not really 
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increasing delay but meter decrease delay for whole network. So it can be concluded 
that as volume is getting higher than capacity then meter proved to be an effective 
means of control by improving the work zone traffic performance. 
 
 
Table 4-28:  (Total Delay Case.5) 
veh/Input(1954) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average Delay(sec/veh) 264 277 274 286 
Vehicle # 1081 1032 993 940 
Total Delay(Hour) 79.27 79.41 75.58 74.68 
Ramp/Meter On 
Average Delay(sec/veh) 463 572 586 599 
Vehicle # 315 272 250 254 
Total Vehicle # 1396 1304 1243 1194 
Total Delay(Hour) 40.51 43.22 40.69 42.26 
Total delay(hour) of Mainline & Ramp Meter On 119.79 122.62 116.27 116.94 
Mainline / Meter OFF 
Average Delay(sec/veh) 286 290 296 302 
Vehicle # 1098 1051 1025 944 
Total Delay(Hour) 87.23 84.66 84.28 79.19 
Ramp/Meter OFF 
Average Delay(sec/veh) 466 602 644 653 
Vehicle # 307 264 275 266 
Total Vehicle # 1405 1315 1300 1210 
Total Delay(Hour) 39.74 44.15 49.19 48.25 
Total delay(hour) of Mainline & Ramp Meter Off 126.97 128.81 133.47 127.44 
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Figure 4-18: Total Delay Difference (With Meter - Without Meter) cases (1, 2, 3, 4, 
and 5) 
 
 
In Case.6; with meter mainline average delay increases (25%-45%) as ramp truck 
percentage increases and without meter it increases (12%-22%). Ramp average delay 
increases with meter (15%-28%) as ramp truck percentage increases, and without 
meter it increases (12%-22%). But in this case study the total delay increases with 
the meter for the work zone ranges (50%-62%). In this case study ramp truck per-
centage is variable since mainline truck percentage and volume is constant. The 
network volume is within capacity, and meter is not improving the traffic perfor-
mance but it increase the network delay.  
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Table 4-29 : (Total Delay Case.6) 
veh/Input(1240) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Delay(sec/Veh) 12 16 22 
Vehicle # 871 872 870 
Total Delay(Hour) 2.90 3.88 5.32 
Ramp/Meter On 
Average Delay(sec/Veh) 23 27 32 
Vehicle # 326 321 320 
Total Vehicle # 1197 1193 1190 
Total Delay(Hour) 2.08 2.41 2.84 
Total delay(hour) of Mainline & Ramp Meter On 4.99 6.28 8.16 
Mainline / Meter OFF 
Average Delay(sec/Veh) 7 8 9 
Vehicle # 889 875 873 
Total Delay(Hour) 1.73 1.94 2.18 
Ramp/Meter OFF 
Average Delay(sec/Veh) 7 8 9 
Vehicle # 330 320 319 
Total Vehicle # 1219 1195 1192 
Total Delay(hour) 0.64 0.71 0.80 
Total delay(hour) of Mainline & Ramp Meter Off 2.37 2.66 2.98 
 
 
In Case.7; with meter mainline average delay increases (7%-9%) as ramp truck per-
centage increases and without meter in increases (13%-16%). Ramp average delay 
with meter increases (4%-11%) as ramp truck percentage increases. And without 
meter it increases (4%-5%). In this case study Meter decrease network total delay 
(5%-17%). Considering the ramp truck percentage variable and increasing the net-
work volume above capacity meter decrease the network total delay and improved 
other traffic performance. 
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Table 4-30: (Total Delay Case.7) 
veh/Input(1754) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Delay(sec/Veh) 220 237 243 
Vehicle # 1005 1020 1015 
Total Delay(Hour) 61.42 67.15 68.51 
Ramp/Meter On 
Average Delay(sec/Veh) 423 442 475 
Vehicle # 318 270 273 
Total Vehicle # 1323 1290 1288 
Total Delay(Hour) 37.37 33.15 36.02 
Total delay(hour) of Mainline & Ramp Meter On 98.78 100.30 104.53 
Mainline / Meter OFF 
Average Delay(sec/Veh) 227 260 271 
Vehicle # 1071 1029 1063 
Total Delay(Hour) 67.53 74.32 80.02 
Ramp/Meter OFF 
Average Delay(sec/Veh) 412 431 435 
Vehicle # 321 345 382 
Total Vehicle # 1392 1374 1445 
Total Delay(hour) 36.74 41.30 46.16 
Total delay(hour) of Mainline & Ramp Meter Off 104.27 115.62 126.18 
 
In Case.8; with meter mainline average delay increase (16%-29%) as ramp truck 
percentage increases and without meter it increases (2%-12%).Ramp average delay 
increases with meter  (2%-4%) as ramp truck percentage increases, and without 
meter it decreases (6-86)%. But in this case study meter decreased total delay for the 
work zone ranges (10%-25%).  As in most cases truck percentage affect the net-
work performance. Ramp Meter installation in this case improves traffic perfor-
mance and decrease total delay for whole network.   
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Table 4-31: (Total Delay Case.8) 
veh/Input(1854) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average De-
lay(sec/Veh) 
195 232 276 
Vehicle # 1049 1017 995 
Total Delay(Hour) 56.82 65.54 76.28 
Ramp/Meter On 
Average De-
lay(sec/Veh) 
440 451 456 
Vehicle # 289 248 248 
Total Vehicle # 1338 1265 1243 
Total Delay(Hour) 35.32 31.07 31.41 
Total delay(hour) of Mainline & Ramp Meter On 92.14 96.61 107.70 
Mainline / Meter OFF 
Average De-
lay(sec/Veh) 
242 245 277 
Vehicle # 1051 1042 1043 
Total Delay(Hour) 70.65 70.91 80.25 
Ramp/Meter OFF 
Average De-
lay(sec/Veh) 
481 471 443 
Vehicle # 323 316 319 
Total Vehicle # 1374 1358 1362 
Total Delay(hour) 43.16 41.34 39.25 
Total delay(hour) of Mainline & Ramp Meter Off 113.81 112.26 119.51 
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Figure 4-19: Total Delay Difference (With Meter - Without Meter) cases (6, 7, and 8) 
Average speed and number of stops (Appendix A, B) for this field: 
The average number of stops changes with and without meter in cases (1, 2, 3, and 6) 
is not considerable, in cases 4, 5 it is the constant too. But in cases 7, 8 the average 
number of stops changes (-14% to 14%). 
The average speed in cases 1 and 5 partially increases with meter since in cases (2, 3, 
and 4) almost decreases, and again incases in cases increases (1%-23%) with meter. 
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4.5. –Work Zone Site (Hwy 63 Left Lane Closed) 
 
 
 
Figure 4-20: Node lengths 0.64 miles 
 
Figure 4-21: Geometry and data collection points of Hwy 63 left lane closed 
 
Case.1 with meter mainline average delay increases (7%-25%) as mainline truck 
percentages increases, and without meter it increases (20%-25%). The ramp delay 
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increases with meter (2%-3%) as mainline truck percentage increases and without 
meter increases (0%-20%) as truck percentage increases on the mainline. The total 
delay increases with meter (45%-53%) as it can be inferred from figure (4-22).  In 
this field when left lane is closed the effect of track percentage on mainline and ramp 
is lower than right lane closed. And as previous fields with lower volume meter is 
not improving traffic performance of the work zone but instead causes more delay. 
Table 4-32: (Total DelayCase.1) 
veh/Input(900) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average Delay(sec/Veh) 2.4 2.6 2.7 3.2 
Vehicle # 635 635 635 633 
Total Delay(Hour) 0.42 0.46 0.48 0.56 
Ramp/Meter On 
Average Delay(sec/Veh) 8.7 8.9 9 9 
Vehicle # 248 248 248 248 
Total Vehicle # 883 883 883 881 
Total Delay(Hour) 0.60 0.61 0.62 0.62 
Total delay(hour) of Mainline & Ramp Meter On 1.02 1.07 1.10 1.18 
Mainline/ Meter 
OFF 
Average Delay(sec/Veh) 2 2 2.5 2.7 
Vehicle # 635 635 635 635 
Total Delay(Hour) 0.35 0.35 0.44 0.48 
Ramp/Meter OFF 
Average Delay(sec/Veh) 2 2 2.5 2.5 
Vehicle # 248 248 248 248 
Total Vehicle # 883 883 883 883 
Total Delay(Hour) 0.14 0.14 0.17 0.17 
Total delay(hour) of Mainline & Ramp Meter 
Off 
0.49 0.49 0.61 0.65 
 
Case.2 with meter mainline average delay increases (20%-76%) as mainline truck 
percentages increases, and without meter it increases (32%-66%). Ramp average de-
lay increases with meter (8%-14%) as truck percentage increases, and without meter 
it increases (40%-67%). The total delay increases with meter for the work zone 
ranges (25%-45%). The effect of truck percentage is almost the same with most 
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Field studies. Meter increase delay for whole network when the volume is less than 
capacity. 
 
Table 4-33: (Total DelayCase.2) 
veh/Input(1150) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average De-
lay(sec/Veh) 
4 5 7 17 
Vehicle # 828 828 828 828 
Total Delay(Hour) 0.92 1.15 1.61 3.91 
Ramp/Meter On 
Average De-
lay(sec/Veh) 
12 13 14 23 
Vehicle # 295 295 295 295 
Total Vehicle # 1123 1123 1123 1123 
Total Delay(Hour) 0.98 1.07 1.15 1.88 
Total delay(hour) of Mainline & Ramp Meter 
On 
1.90 2.22 2.76 5.79 
Mainline / Meter 
OFF 
Average De-
lay(sec/Veh) 
3.4 5 7 10 
Vehicle # 829 829 829 827 
Total Delay(Hour) 0.78 1.15 1.61 2.30 
Ramp/Meter OFF 
Average De-
lay(sec/Veh) 
3 5 6 9 
Vehicle # 296 296 295 294 
Total Vehicle # 1125 1125 1124 1121 
Total Delay(Hour) 0.25 0.41 0.49 0.74 
Total delay(hour) of Mainline & Ramp Meter 
Off 
1.03 1.56 2.10 3.03 
 
In Case.3; with meter mainline average delay increases (17%-90%) as mainline 
truck percentage increases and without meter it increases (50%-91%). Ramp average 
delay increases with meter (12%-81%) as mainline truck percentage increases, and 
without meter it increases (45%-88%). So the total delay increases with meter for the 
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work zone ranges (15%-33%). As volume of the network increases the delay per-
centage increase for the whole network decreases. 
  
 
Table 4-34: (Total DelayCase.3) 
veh/Input(1240) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average Delay(sec/Veh) 7 8.5 38 76 
 Vehicle # 875 873 866 852 
 Total Delay(Hour) 1.70 2.06 9.14 17.99 
Ramp/Meter On 
Average Delay(sec/Veh) 15 17 39 83 
Vehicle # 328 326 325 322 
Total Vehicle # 1203 1199 1191 1174 
Total Delay(Hour) 1.37 1.54 3.52 7.42 
Total delay(hour) of Mainline & Ramp Meter 
On 
3.07 3.60 12.66 25.41 
Mainline / Meter 
OFF 
Average Delay(sec/Veh) 6 12 34 69 
Vehicle # 874 874 870 847 
Total Delay(Hour) 1.46 2.91 8.22 16.23 
Ramp/Meter OFF 
Average Delay(sec/Veh) 6 11 31 54 
Vehicle # 329 329 329 319 
Total Vehicle # 1203 1203 1199 1166 
Total Delay(Hour) 0.55 1.01 2.83 4.79 
Total delay(hour) of Mainline & Ramp Meter 
Off 
2.01 3.92 11.05 21.02 
 
In Case.4; with meter mainline average delay increases (9%-17%) as mainline truck 
percentage increases and without meter it increases (4%-7%). Ramp average delay 
with meter increases ranges (11%-81%) as mainline truck percentage increases, 
without meter it increases (50%-64%). In this case study meter decreased the total 
delay for the work zone (2%-18%). Since volume of this case is higher than capacity 
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so the meter improved the network performance by decreasing total delay of the 
network. 
 
 
 
Table 4-35: (Total Delay Case.4) 
Veh/Input(1754) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average De-
lay(sec/Veh) 
247 273 296 299 
 Vehicle # 1023 978 898 867 
 Total Delay(Hour) 70.19 74.17 73.84 72.01 
Ramp/Meter On 
Average De-
lay(sec/Veh) 
306 377 375 345 
Vehicle # 387 349 353 338 
Total Vehicle # 1410 1327 1251 1205 
Total Delay(Hour) 32.90 36.55 36.77 32.39 
Total delay(hour) of Mainline & Ramp Meter 
On 
103.08 110.71 110.61 104.40 
Mainline / Meter 
OFF 
Average De-
lay(sec/Veh) 
306 320 327 329 
Vehicle # 980 887 887 865 
Total Delay(Hour) 83.30 78.84 80.57 79.05 
Ramp/Meter OFF 
Average De-
lay(sec/Veh) 
185 377 377 515 
Vehicle # 426 375 369 328 
Total Vehicle # 1406 1262 1256 1193 
Total Delay(Hour) 21.89 39.27 38.64 46.92 
Total delay(hour) of Mainline & Ramp Meter 
Off 
105.19 118.12 119.21 125.97 
 
In Case.5; with meter mainline average delay increases (20%-24%) as mainline 
truck percentage increases, without meter it increases (12%-15%). Ramp average 
delay with meter increases (24%-38%) as mainline truck percentage increases, and 
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without meter it increases (0%-21%). Meter decreased total delay in this case study 
for the work zone (2%-9%).  
 
 
 
 
Table 4-37: (Total Delay Case.5) 
veh/Input(1954) Mainline Truck% 10 20 30 40 
Mainline / Meter On Average Delay(sec/Veh) 293 367 389 361 
 Vehicle # 972 973 887 876 
 Total Delay(Hour) 79.11 99.19 95.85 87.84 
Ramp/Meter On 
Average Delay(sec/Veh) 345 455 441 560 
Vehicle # 442 362 388 331 
Total Vehicle # 1414 1335 1275 1207 
Total Delay(Hour) 42.36 45.75 47.53 51.49 
Total delay(hour) of Mainline & Ramp Meter On 121.47 144.94 143.38 139.33 
Mainline / Meter 
OFF 
Average Delay(sec/Veh) 305 350 358 358 
Vehicle # 1000 972 927 907 
Total Delay(Hour) 84.72222 94.5 92.185 90.196 
Ramp/Meter OFF 
Average Delay(sec/Veh) 430 547 547 547 
Vehicle # 414 363 333 333 
Total Vehicle # 1414 1335 1260 1240 
Total Delay(Hour) 49.45 55.16 50.60 50.60 
Total delay(hour) of Mainline & Ramp Meter Off 134.17 149.66 142.78 140.79 
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   Figure 4-22: Total Delay Difference (With Meter - Without Meter) cases (1, 2, 3, 4, 
and 5) 
 
In Case.6; with meter mainline average delay increases (25%-29%) as ramp truck 
percentage increase and without meter it increases (33%-51%). Ramp average delay 
increases with meter (0% ) as ramp truck percentage, and without meter it increases 
(8%-31%) . In fact in this case study the total delay decreases with the meter for the 
work zone ranges (38-100) %. In this case when meter is applied as truck percentage 
increased on the ramp; delay on the mainline is decreased but ramp delay did not 
changed. Meter increased total delay of the network which is very higher than other 
Fields studies this can be a results of work zone orientation (left lane closed). 
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Table 4-36 : (Total Delay Case.6) 
veh/Input(1240) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Delay(sec/veh) 12 17 16 
Vehicle # 873 873 871 
Total Delay(Hour) 2.91 4.12 3.87 
S cRamp/Meter On 
Average Delay(sec/veh) 19 25 25 
Vehicle # 327 327 327 
Total Vehicle # 1200 1200 1198 
Total Delay(Hour) 1.73 2.27 2.27 
Total delay(hour) of Mainline & Ramp Meter On 4.64 6.39 6.14 
Mainline / Meter OFF 
Average Delay(sec/veh) 22 33 45 
Vehicle # 875 875 864 
Total Delay(Hour) 5.35 8.02 10.80 
Ramp/Meter OFF 
Average Delay(sec/veh) 11 12 16 
Vehicle # 335 330 327 
Total Vehicle # 1210 1205 1191 
Total Delay(Hour) 1.02 1.10 1.45 
Total delay(hour) of Mainline & Ramp Meter Off 6.37 9.12 12.25 
 
In Case.7; with meter mainline average delay increases (2%-5%) as ramp truck per-
centage increases and without meter it increases (3%-10%). Ramp average delay in-
creases with meter (0%-3%) as ramp truck percentage increases, and without meter it 
decreases (0%-2%). But in this case study the total delay decreases with meter for 
the work zone ranges (1%-10%). As volume is higher than capacity in this case so 
the truck percentage increase is not increasing delay significantly on both mainline 
and ramp especially when meter is on. And total delay of the network decreased with 
meter.  
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Table 4-37: (Total Delay Case.7) 
veh/Input(1754) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Delay(sec/veh) 283 278 281 
Vehicle # 956 960 969 
Total Delay(Hour) 75.15 74.13 75.64 
Ramp/Meter On 
Average Delay(sec/veh) 370 382 355 
Vehicle # 285 365 359 
Total Vehicle # 1241 1325 1328 
Total Delay(Hour) 29.29 38.73 35.40 
Total delay(hour) of Mainline & Ramp Meter On 104.44 112.86 111.04 
Mainline / Meter OFF 
Average Delay(sec/veh) 292 302 325 
Vehicle # 954 962 982 
Total Delay(Hour) 77.38 80.70 88.65 
Ramp/Meter OFF 
Average Delay(sec/veh) 367 361 361 
Vehicle # 364 329 361 
Total Vehicle # 1318 1291 1343 
Total Delay(Hour) 37.11 32.99 36.20 
Total delay(hour) of Mainline & Ramp Meter Off 114.49 113.69 124.85 
 
In Case.8; with meter mainline average delay increase (0) % as ramp truck percent-
ages increases and without meter it increases (1%-2%). Ramp average delay de-
creases with meter ranges (3%-7%) as ramp truck percentage increases, and without 
meter it decreases (1%-6%). Meter decreased total delay for the work zone ranges 
(18%-20%). As it can inferred from table (4-38) when volume is higher than capaci-
ty the truck percentage is not affecting on network delay. But total delay decreased 
with meter more than other case studies in this case. 
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Table 4-38: (Total Delay Case.8) 
veh/Input(1854) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Delay(sec/veh) 234 234 232 
Vehicle # 961 967 976 
Total Delay(Hour) 62.47 62.86 62.90 
Ramp/Meter On 
Average Delay(sec/veh) 359 332 345 
Vehicle # 322 316 307 
Total Vehicle # 1283 1283 1283 
Total Delay(Hour) 32.11 29.14 29.42 
Total delay(hour) of Mainline & Ramp Meter On 94.58 92.00 92.32 
Mainline / Meter OFF 
Average Delay(sec/veh) 290 294 296 
Vehicle # 943 955 964 
Total Delay(Hour) 75.96 77.99 79.26 
Ramp/Meter OFF 
Average Delay(sec/veh) 393 398 417 
Vehicle # 347 331 316 
Total Vehicle # 1290 1286 1280 
Total Delay(Hour) 37.88 36.59 36.60 
Total delay(hour) of Mainline & Ramp Meter Off 113.84 114.59 115.87 
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    Figure 4-23: Total Delay Difference (With Meter - Without Meter) cases (6, 7, 
and 8) 
 
In this field the results of other traffic performances: The results indicate that aver-
age number of stops in cases (1, 2, 3, and 6) is zero in both scenarios of with and 
without meter. In cases 4, 5 meter decreases average number of stops (5%-55%). 
While in cases 7, 8 decreases (0%-25%).  
The average speed changes with and without meter in cases (1, 2, 3, 6) is not consid-
erable when volume is less than and within capacity. In cases 4, 5 it increase (2%-8%) 
with meter and in cases 7, 8 average speed increased (3%-11%) % when volume is 
higher than capacity. 
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4.6. Analysis Based On Results 
 
To summarize, in all case studies average delay increased with an increase in truck 
percentage in the mainline and ramp. Ramp meter decreases average delay as truck 
percentage increases on the mainline and ramp in below capacity cases 1, 2, 3. In 
cases 4, 5 when volume is higher than capacity, then the meter increases average de-
lay on both mainline and ramp as truck percentage increases on the mainline.  The 
mainline truck percentage and volume is kept constant in cases 6, 7, 8; it can be seen 
that the effect of ramp truck percentage on mainline traffic performance is not sig-
nificant. In cases 7, 8 the average delay increase in both mainline and ramp is less 
than cases 1,2,3,4,5,6 as truck percentage increases. 
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4.7. Analysis of Percentage of Aggregated Total Delay (With Meter-Without 
Meter) 
 
 
Figure 4-24: Aggregated Delay Difference (With Meter - Without Meter) cases (1-5)   
The figure (4-24) shows the aggregated total delay difference (with meter-without 
meter) changes in percentage:  
In cases 1-3 meter increases total delay of the network and it increases with increase 
of truck percentage. In case 4, and 5 when volume is higher than capacity then meter 
decrease the total delay of the network but the decrease is more significant when the 
truck percentage is the highest and the lowest (10% and 40%) this might be the rea-
son of high capacity (number of vehicle) that results high total delay, and in 40 per-
cent truck percentage the capacity is not high but the average delay is really high 
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which also cause a very high total delay of the network. With meter the average de-
lay change on both mainline and ramp with changes of truck percentage is not sig-
nificant but in without meter the average delay and total delay changes with truck 
percentage is very high especially with lowest and highest truck percentage. With 
meter scenario the vehicle output with high truck percentage (40%) is low and aver-
age delay is very high but in lowest truck percentage (10%) the average delay is low 
and the difference between both scenario of with-meter and without-meter is signifi-
cant with higher and lower truck percentage. Because when truck percentage is low 
the capacity is high and when truck percentage is high average delay is very high 
which causes greater total delay. The ramp vehicle output is very high in without 
meter scenario especially with highest truck percentage, and the average delay of the 
mainline is very high than with meter scenario which leads to large difference of 
both scenario.  
The average delay of the mainline with meter scenario when truck percentage is 
lowest (10%) is significantly low than with meter scenario. In the meanwhile the 
ramp average delay and vehicle input of both ramp and mainline with meter and 
without meter is not significantly different. 
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Figure 4-25: Aggregated Delay Difference (With Meter - Without Meter) cases (6-8)    
When Ramp truck percentage is as variable delay change with truck percentage 
when volume is within capacity; it is almost in the same trend as cases 1-3; Meter 
increase total delay of the network and it is highest with lowest truck percentage. But 
when volume gets higher than capacity then the trend changed oppositely, the reason 
could be ramp truck percentage increase is not affecting mainline performance but it 
is really effective for ramp movement (delay). The other reason might be huge dif-
ference of delay with and without meter. The mainline delay is very high without 
meter scenario than without meter. So when the vehicle input increasing more as 
case. 8 then the delay difference and changes with truck percentage is not in proper 
trend.  
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In case 6; Meter increases total delay of the network and the increase is higher with 
lower truck percentage this might be the reason of higher vehicle output number. 
And the average delay increases is increasing with truck percentage.  
Cases 7 and 8 Meter decrease total delay of the network. The average delay increase 
and capacity decrease is not in proper manner with truck percentage in both mainline 
and ramp which could be the reason why total changes is not appropriate .first reason 
of this changes could be  high volume and second the ramp truck percentage is not 
really effecting mainline movement.  
1- In cases 1-3 when volumes lower than capacity: the average delay and total 
delay with and without meter increases as truck percentage increases.  
2- In cases 4 the average delay of both mainline and ramp is almost increasing 
with increase of truck percentage with and without meter but the total delay 
increase with increase of truck percentage is not really in the same manner 
the reason is the changes of vehicle input volume which decreases as average 
delay increases.  
3- In case 5 when volume is really high; then average delay increase and the ve-
hicle output with increase of truck percentage is not in sequence. The reason 
could be the high volume so the truck volume increase is not really changes 
delay properly and significantly.  
4- In case 6, when volume is within capacity the average delay increase and to-
tal delay increase in both scenario of with and without meter is the same in-
creasing with increase of truck percentage; which lead to decrease of vehicle 
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output with increase of truck percentage this could be the reason why the de-
lay changes is not in sequence with increase of truck percentage.  
5- In case .7 and 8. When volume is higher than capacity then the delay increase 
with increase of truck percentage and decrease of vehicle output is not di-
rectly related. This might be the reason of High volume, and the increase of 
ramp truck percentage is not effecting the mainline performance significantly 
which could be another reason that total delay changes is not in proper man-
ner with increase of truck percentage. 
 
6- The average delay increases with increase of truck percentage in mainline 
and ramp with and without meter. 
7- Total delay increase gives different trend than average delay as it can be seen 
from graph of delay percentage (with -without) Meter. The reason could be 
vehicle output number that changes with changes of delay as delay increases 
it decreases.  
8- In cases 4, 5 mostly the total delay increase is not directly related to truck 
percentage increase the reason might be high volume and opposite relation of 
delay and vehicle output.  
9- In cases (7, and 8) when volume is very high than capacity and ramp truck 
percentage is variable. The average delay and total delay of the mainline is 
not changes significantly with changes of truck percentage truck; because of 
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the large difference of delay with and without meter scenario and small dif-
ference as truck percentage increases. 
 
4.8. Work Zone with Ramp Meter on I-70MM 126 Average Delay on the 
Mainline 
 
Many Researchers studied the effect of metering on freeway movement and their 
findings showed that mainline performance improves with meter. In the following 
tables case studies 4-8 is considered in examining the meter effect on mainline aver-
age delay. Since the previous case studies proved that meter is effective when vol-
ume is above capacity for whole network.  The table (4-39) showed that increase of 
truck percentage on the mainline increases mainline average delay and meter also 
decreased total average delay of the mainline. 
Table 4-39: (Mainline Average Delay Case.4) 
veh/Input(1754) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average Delay(sec/veh) 274 338 422 464 
Vehicle # 1370 1301 1232 1180 
Total average Delay(Hour) 104.27 122.15 144.42 152.09 
Mainline / Meter 
OFF 
Average Delay(sec/veh) 315 360 424 477 
Vehicle # 1363 1293 1243 1178 
Total average Delay(Hour) 119.26 129.30 146.40 156.09 
Total average delay difference in % meter (Off/ 
On) 
0.00 -5.53 -1.35 -2.56 
 
Table 4-40: (Mainline Average Delay Case.5) 
veh/Input(1954) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average Delay(sec/veh) 407 482 540 563 
Vehicle # 1362 1306 1227 1172 
Total average De-
lay(Hour) 
153.98 174.86 184.05 183.29 
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Mainline / Meter 
OFF 
Average Delay(sec/veh) 452 515 544 566 
Vehicle # 1367 1285 1229 1189 
Total average De-
lay(Hour) 
171.63 183.83 185.72 186.94 
Total average delay difference in % meter (Off/ 
On) 
-10.29 -4.88 -0.90 -1.95 
 
Figure (4-26) explained the percentage decrease of average delay with meter appli-
cation on the work zone mainline. As in case 5 the delay decrease is higher than 
case.4 which is the reason of increase of volume on the network. The other finding 
of the figure 4-26 is as the truck percentage is lower the delay increase is higher. 
 
Figure 4-26: Mainline Average Delay Difference (With Meter - Without Meter) cases 
(4,5)  
 The tables (4-39 and 4-40) case studies when volume is higher than capacity and 
ramp truck percentage is variable. The average delay of the mainline is increasing as 
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ramp truck percentage increases in sequence. The average delay increase is higher as 
volume gets higher inferred from case.7 and case.8.  
 
  
Table 4-41: (Mainline Average Delay Case.7) 
veh/Input(1754) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Delay(sec/veh) 338 355 369 
Vehicle # 1301 1279 1279 
Total Delay(Hour) 122.15 126.12 131.10 
Mainline / Meter OFF 
Average Delay(sec/veh) 360 377 390 
Vehicle # 1293 1288 1284 
Total Delay(Hour) 129.30 134.88 139.10 
Total average delay difference in % meter (Off/ On) -5.53 -6.49 -5.75 
 
 
 
 
Table 4-42: (Mainline Average Delay Case.8) 
Veh/Input(1854) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Delay(sec/veh) 352 362 390 
Vehicle # 1310 1286 1284 
Total Delay(Hour) 128.09 129.31 139.10 
Mainline / Meter OFF 
Average Delay(sec/veh) 441 435 436 
Vehicle # 1299 1287 1272 
Total Delay(Hour) 159.13 155.51 154.05 
Total average delay difference in % meter (Off/ On) -19.51 -16.85 -9.71 
 
As explained above based on results from table 4-39, and 4-40 ; it can be inferred 
from figure (4-26) as case 8 volume is higher than case 7. The average delay in-
crease is also higher as volume gets higher with truck percentage increase.  
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Figure 4-27: Mainline Delay Difference (With Meter - Without Meter) cases (7, 8) 
 
 
4.9. Work Zone with Ramp Meter on I-70MM 128 Average Delay on the 
Mainline 
 
Table 4-43 comparing the average delay increase with and without meter on the 
mainline; delay increases with truck percentage increase has the same trend as the 
previous field study. As truck percentage decreases the average delay increase is gets 
higher.   
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Table 4-43: (Mainline Average Delay Case.4) 
Veh/Input(1240/514) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average Delay(sec/veh) 240 240 300 360 
Vehicle # 1325 1287 1251 1236 
Total average Delay(Hour) 88.33 85.80 104.25 123.60 
Mainline / Meter 
OFF 
Average Delay(sec/veh) 270 300 330 360 
Vehicle # 1315 1258 1244 1215 
Total average Delay(Hour) 98.63 104.83 114.03 121.50 
Total average delay difference in % meter (Off/ On -10.44 -18.16 -8.58 1.73 
 
The table (4-44) considering the mainline truck percentage as variable it has almost 
the same trend with average delay increase as truck percentage increases in case.4 or 
table4-43. 
 
Table 4-44: (Mainline Average Delay Case.5) 
 
 
Figure 4-28 explain the same results of case studies 4. And 5 average delay of the 
mainline with truck percentage with different volume.  
Veh/Input(1240/514) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average Delay(sec/veh) 330 390 420 450 
Vehicle # 1328 1284 1245 1207 
Total average De-
lay(Hour) 
121.73 139.10 145.25 150.88 
Mainline / Meter 
OFF 
Average Delay(sec/veh) 360 420 450 480 
Vehicle # 1319 1270 1239 1194 
Total average De-
lay(Hour) 
131.90 148.17 154.88 159.20 
Total average delay difference in % meter (Off/ 
On 
-7.71 -6.12 -6.21 -5.23 
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Figure 4-28: Mainline Delay Difference (With Meter - Without Meter) cases (4, 5) 
 
Following tables (4-45 and 4-46) considering ramp truck percentage as variable with 
volume higher than capacity. The average delay of the mainline is examined, so it 
can be concluded that average delay of the mainline is often increase with increase in 
ramp truck percentage. And delay decrease more with meter when truck percentage 
is lower and volume is higher. 
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Table 4-45:  (Mainline Average Delay Case.7) 
Veh/Input(1754) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Delay(sec/veh) 240 300 300 
Vehicle # 1279 1275 1270 
Total Delay(Hour) 85.27 106.25 105.83 
Mainline / Meter OFF 
Average Delay(sec/veh) 300 300 360 
Vehicle # 1271 1267 1266 
Total Delay(Hour) 105.92 105.58 126.60 
Total delay(hour) of Mainline & Ramp Meter Off -19.50 0.63 -16.40 
 
 
 
     Table 4-46:  (Mainline Average Delay Case.8) 
Veh/Input(1854) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Delay(sec/veh) 252 270 288 
Vehicle # 1283 1275 1270 
Total Delay(Hour) 89.81 95.63 101.60 
Mainline / Meter OFF 
Average Delay(sec/veh) 360 390 408 
Vehicle # 1281 1253 1246 
Total Delay(Hour) 128.10 135.74 141.21 
Total delay(hour) of Mainline & Ramp Meter Off -29.89 -29.55 -28.05 
 
The figure (4-28) showed the same result of table (4-45, 4-46) average delay in-
creases on the mainline with meter. The meter decreases mainline average delay, 
figure 4-29. The delay increase has direct relation with truck percentage and; as 
truck percentage is decreasing the delay decrease is higher and as volume is higher 
the average delay increase is higher. 
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Figure 4-29: Mainline Delay Difference (With Meter - Without Meter) cases (7, 8) 
  
 
4.10. Hwy 63 Average Delay on the Mainline 
The following field study considering the same case number as pervious case studies 
average delay of the mainline is following almost the same trend and results. 
 
Table 4-47:  (Mainline Average Delay Case.4) 
Veh/Input(1754) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average Delay(sec/veh) 282 330 360 372 
Vehicle # 1397 1341 1214 1199 
Total average Delay(Hour) 109.43 122.93 121.40 123.90 
Mainline / Meter 
OFF 
Average Delay(sec/veh) 312 336 372 408 
Vehicle # 1379 1317 1212 1195 
Total average Delay(Hour) 119.51 122.92 125.24 135.43 
Total average delay difference in % meter (Off/ 
On) 
0.00 0.00 -3.07 -8.52 
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Table 4-48:  (Mainline Average Delay Case.5) 
 
Veh/Input(1954) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average Delay(sec/veh) 360 414 420 420 
Vehicle # 1379 1313 1247 1204 
Total average De-
lay(Hour) 
137.90 151.00 145.48 163.80 
Mainline / Meter 
OFF 
Average Delay(sec/veh) 402 468 522 540 
Vehicle # 1375 1299 1244 1194 
Total average De-
lay(Hour) 
153.54 168.87 180.38 179.10 
Total average delay difference in % meter (Off/ 
On) 
-10.19 -10.59 -19.35 -8.54 
 
 
 
      Figure 4-30: Mainline Delay Difference (With Meter - Without Meter) cases (4, 
5) 
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Table 4-49: (Mainline Average Delay Case.7) 
 
Veh/Input(1754) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Delay(sec/veh) 300 330 342 
Vehicle # 1350 1310 1300 
Total Delay(Hour) 112.50 120.08 123.50 
Mainline / Meter OFF 
Average Delay(sec/veh) 336 360 360 
Vehicle # 1314 1300 1283 
Total Delay(Hour) 122.64 130.00 128.30 
Total average delay difference in % meter (Off/ On) -8.27 -7.63 -3.74 
 
 
 
Table 4-50: (Mainline Average Delay Case.8) 
 
Veh/Input(1854) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Delay(sec/veh) 324 336 342 
Vehicle # 1304 1302 1297 
Total Delay(Hour) 117.36 121.52 123.22 
Mainline / Meter OFF 
Average Delay(sec/veh) 420 444 450 
Vehicle # 1199 1175 1175 
Total Delay(Hour) 139.88 144.92 146.88 
Total average delay difference in % meter (Off/ On) -16.10 -16.14 -16.11 
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    Figure 4-31: Mainline Delay Difference (With Meter - Without Meter) cases (7, 
8) 
     
Literature review documented that ramp metering is an effective means of control 
for improving the mainline traffic performance. The mainline delay (travel time) de-
creases with meter, average speed increase significantly and other traffic perfor-
mance such as queue length and average number of stops also affected. The simula-
tion study of this paper proved that the mainline delay decreases significantly when 
the volume is higher than capacity with meter activation. Meter decreases mainline 
average delay in case.4 (1%-17%). In case.5 it decreases (2%-18%).In case. 7 aver-
age delay of the mainline decreased (1%-19%), and for case.8 (9%-30%). It can be 
inferred that as capacity increases the effect of metering on the mainline traffic per-
formance increases and it decreases the mainline delay. 
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In cases (4, 5) with an increase on truck percentage on mainline the capacity de-
creased in both with meter and without meter. The metering also increases capacity 
in Cases. (7, 8). Average delay of the mainline increasing with increase in truck per-
centage in both with meter and without meter scenarios. The capacity of the mainline 
also decreased with increase in truck percentage of both with and without metering 
scenarios. Metering also increases capacity of the mainline.  
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 CHAPTER 5. : CONCLUSIONS 
This thesis studied the effect of ramp metering on short term work zones based on real 
data collected from five work zone sites along I-70 in Missouri-Columbia; then using 
traffic simulation software VISSIM these work zone were simulated to further inves-
tigate eight different scenarios with different volumes and truck percentages. The re-
sults indicated that when the volume is more than capacity the meter decreased main-
line average delay, and average number of stops. 
Total delay in the network was used to compare the effects of ramp metering at a 
network level. In addition, the average number of stops and average speed of the 
mainline were also compared. The results indicated that truck percentage has a direct 
effect on delay and capacity, and in almost all scenarios increasing truck percentage 
will result in an increase in delay. The results for case studies 1, 2, 3 indicated that 
when volume is less than capacity, delay increases when meter is on. In the cases 
studies 4,5,7,8 when the volume is greater than capacity total delay and average 
number of stops decreased and average speed increased when meter was turned on. 
For all case studies, the total delay increased with increase in truck percentage.  
The result concludes that ramp metering is an effective means of control for freeway 
work zone when volume is high or above capacity. As other studies of literature re-
view documented that with meter delay decrease, average speed increases, travel time 
decrease, and stop decreases most significantly in the mainline.  
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Appendixes 
  
  Appendix A: Average Number of Stops 
 
 
Work zone site One, I-70 MM125 
 
Table A-1: (Case.1 Average number of stops) 
veh/Input(900) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average number of Stop 0 0 0 0 
Vehicle # 647 647 647 647 
Total Stops 0.00 0.00 0.00 0.00 
Ramp/Meter On 
Average number of Stop 0 0 0 0 
Vehicle # 248 248 248 248 
Total Vehicle # 895 895 895 895 
Total Stops 0.00 0.00 0.00 0.00 
Total stops of Mainline & Ramp Meter On 0.00 0.00 0.00 0.00 
Mainline / Meter 
OFF 
Average number of Stop 0 0 0 0 
Vehicle # 647 647 647 647 
Total Stops 0.00 0.00 0.00 0.00 
Ramp/Meter OFF 
Average number of Stop 0 0 0 0 
Vehicle # 248 248 248 248 
Total Vehicle # 895 895 895 895 
Total Stops 0.00 0.00 0.00 0.00 
Total Stops of Mainline & Ramp Meter Off 0.00 0.00 0.00 0.00 
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Table A-2: (Case.2 Average number of stops) 
veh/Input(1150) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average number of Stop 0 0 0 0 
Vehicle # 792 792 789 790 
Total Stops 0.00 0.00 0.00 0.00 
Ramp/Meter On 
Average number of Stop 1 1 1 1 
Vehicle # 341 340 340 340 
Total Vehicle # 1133 1132 1129 1130 
Total Stops 341.00 340.00 340.00 340.00 
Total stops of Mainline & Ramp Meter On 341.00 340.00 340.00 340.00 
Mainline / Meter 
OFF 
Average number of Stop 0 0 0 0 
Vehicle # 792 790 790 785 
Total Stops 0.00 0.00 0.00 0.00 
Ramp/Meter OFF 
Average number of Stop 0 0 0 0 
Vehicle # 344 344 343 342 
Total Vehicle # 1136 1134 1133 1127 
Total Stops 0.00 0.00 0.00 0.00 
Total Stops of Mainline & Ramp Meter Off 0.00 0.00 0.00 0.00 
 
 
 
Table A-3: (Case.3 Average number of stops) 
veh/Input(1240) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average number of Stop 0 0 1 2 
Vehicle # 891 884 879 853 
Total Stops 0.00 0.00 879.00 1706.00 
Ramp/Meter On 
Average number of Stop 0 0 1 2 
Vehicle # 329 328 326 317 
Total Vehicle # 1220 1212 1205 1170 
Total Stops 0.00 0.00 326.00 634.00 
Total stops of Mainline & Ramp Meter On 0.00 0.00 1205.00 2340.00 
Mainline / Meter 
OFF 
Average number of Stop 0 0 1 2 
Vehicle # 890 886 883 856 
Total Stops 0.00 0.00 883.00 1712.00 
Ramp/Meter OFF 
Average number of Stop 0 0 0 2 
Vehicle # 331 328 328 326 
Total Vehicle # 1221 1214 1211 1182 
Total Stops 0.00 0.00 0.00 652.00 
Total Stops of Mainline & Ramp Meter Off 0.00 0.00 883.00 2364.00 
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Table A-4: (Case.4 Average number of stops) 
veh/Input(1754) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average number of Stop 6 7 7 7 
Vehicle # 973 910 826 827 
Total Stops 5838.00 1.77 1.61 1.61 
Ramp/Meter On 
Average number of Stop 8 10 10 12 
Vehicle # 419 405 388 358 
Total Vehicle # 1392 1315 1214 1185 
Total Stops 3352.00 4050.00 3880.00 4296.00 
Total stops of Mainline & Ramp Meter On 9190.00 4051.77 3881.61 4297.61 
Mainline / Meter 
OFF 
Average number of Stop 6 7 7 7 
Vehicle # 1013 1013 1013 1013 
Total Stops 6078.00 1.97 1.97 1.97 
Ramp/Meter OFF 
Average number of Stop 10 10 11 11 
Vehicle # 384 393 421 377 
Total Vehicle # 1397 1406 1434 1390 
Total Stops 3840.00 3930.00 4631.00 4147.00 
Total Stops of Mainline & Ramp Meter Off 9918.00 3931.97 4632.97 4148.97 
 
 
Table A-5: (Case.5 Average number of stops) 
veh/Input(1954) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average number of Stop 10 7 8 7 
Vehicle # 925 951 855 860 
Total Stops 9250.00 6657.00 6840.00 6020.00 
Ramp/Meter On 
Average number of Stop 7 12 9 14 
Vehicle # 441 377 421 377 
Total Vehicle # 1366 1328 1276 1237 
Total Stops 3087.00 4524.00 3789.00 5278.00 
Total stops of Mainline & Ramp Meter On 12337.00 11181.00 10629.00 11298.00 
Mainline / Meter 
OFF 
Average number of Stop 8 7 7 7 
Vehicle # 968 912 892 863 
Total Stops 7744.00 6384.00 6244.00 6041.00 
Ramp/Meter OFF 
Average number of Stop 9 10 13 14 
Vehicle # 417 417 354 324 
Total Vehicle # 1385 1329 1246 1187 
Total Stops 3753.00 4170.00 4602.00 4536.00 
Total Stops of Mainline & Ramp Meter Off 11497.00 10554.00 10846.00 10577.00 
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       Figure A-1: Total delay with meter cases (1, 2, 3, 4, and 5) 
 
 
Table A-6: (Case.6 Average number of stops) 
veh/Input(1240) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average number of Stop 0 0 0 
Vehicle # 886 883 882 
Total Stops 0.00 0.00 0.00 
Ramp/Meter On 
Average number of Stop 0 0 0 
Vehicle # 328 327 326 
Total Vehicle # 1214 1210 1208 
Total Stops 0.00 0.00 0.00 
Total stops of Mainline & Ramp Meter On 0.00 0.00 0.00 
Mainline / Meter OFF 
Average number of Stop 0 0 0 
Vehicle # 886 887 886 
Total Stops 0.00 0.00 0.00 
Ramp/Meter OFF 
Average number of Stop 0 0 0 
Vehicle # 328 327 327 
Total Vehicle # 1214 1214 1213 
Total Stops 0.00 0.00 0.00 
Total Stops of Mainline & Ramp Meter Off 0.00 0.00 0.00 
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Table A-7: (Case.7Average number of stops) 
veh/Input(1754) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average number of Stop 7 7 6 
Vehicle # 949 926 966 
Total Stops 6643.00 6482.00 5796.00 
Ramp/Meter On 
Average number of Stop 11 11 12 
Vehicle # 362 379 341 
Total Vehicle # 1311 1305 1307 
Total Stops 3982.00 4169.00 4092.00 
Total stops of Mainline & Ramp Meter On 10625.00 10651.00 9888.00 
Mainline / Meter OFF 
Average number of Stop 7 8 8 
Vehicle # 929 886 961 
Total Stops 6503.00 7088.00 7688.00 
Ramp/Meter OFF 
Average number of Stop 9 9 9 
Vehicle # 422 419 346 
Total Vehicle # 1351 1305 1307 
Total Stops 3798.00 3771.00 3114.00 
Total Stops of Mainline & Ramp Meter Off 10301.00 10859.00 10802.00 
 
 
Table A-8: (Case.8 Average number of stops) 
veh/Input(1854) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average number of Stop 7 7 7 
Vehicle # 899 935 942 
Total Stops 6293.00 6545.00 6594.00 
Ramp/Meter On 
Average number of Stop 9 10 11 
Vehicle # 430 378 350 
Total Vehicle # 1329 1313 1292 
Total Stops 1.08 1.05 1.07 
Total stops of Mainline & Ramp Meter On 6294.08 6546.05 6595.07 
Mainline / Meter OFF 
Average number of Stop 8 8 8 
Vehicle # 852 912 864 
Total Stops 6816.00 7296.00 6912.00 
Ramp/Meter OFF 
Average number of Stop 8 10 10 
Vehicle # 461 394 421 
Total Vehicle # 1313 1306 1285 
Total Stops 3688.00 3940.00 4210.00 
Total Stops of Mainline & Ramp Meter Off 10504.00 11236.00 11122.00 
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       Figure A-2: Total delay with meter cases (6, 7, 8) 
 
 
Work zone site two (MM126) 
 
Table A-9: (Case.1 Average number of stops) 
veh/Input(900) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average number of stops 0 0 0 0 
Vehicle # 627 627 627 627 
Total Stop 0.00 0.00 0.00 0.00 
Ramp/Meter On 
Average number of stops 0 0 0 0 
Vehicle # 237 237 237 237 
Total Vehicle # 864 864 864 864 
Total Stop 0.00 0.00 0.00 0.00 
Total Stop of Mainline & Ramp Meter On 0.00 0.00 0.00 0.00 
Mainline / Meter 
OFF 
Average number of stops 0 0 0 0 
Vehicle # 627 627 627 627 
Total Stop 0.00 0.00 0.00 0.00 
Ramp/Meter OFF 
Average number of stops 0 0 0 0 
Vehicle # 237 237 237 237 
Total Vehicle # 864 864 864 864 
Total Stop 0.00 0.00 0.00 0.00 
Total Stop of Mainline & Ramp Meter Off 0.00 0.00 0.00 0.00 
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Table A-10: (Case.2 Average number of stops) 
veh/Input(1150) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average number of stops 0 0 0 0 
Vehicle # 821 816 815 817 
Total Stop 0.00 0.00 0.00 0.00 
Ramp/Meter On 
Average number of stops 0 0 0 0 
Vehicle # 282 283 283 281 
Total Vehicle # 1103 1099 1098 1098 
Total Stop 0.00 0.00 0.00 0.00 
Total Stop of Mainline & Ramp Meter On 0.00 0.00 0.00 0.00 
Mainline / Meter 
OFF 
Average number of stops 0 0 0 0 
Vehicle # 817 817 817 818 
Total Stop 0.00 0.00 0.00 0.00 
Ramp/Meter OFF 
Average number of stops 0 0 0 0 
Vehicle # 283 283 283 283 
Total Vehicle # 1100 1100 1100 1101 
Total Stop 0.00 0.00 0.00 0.00 
Total Stop of Mainline & Ramp Meter Off 0.00 0.00 0.00 0.00 
 
 
 
 
 
   Table A-11: (Case.3 Average number of stops) 
veh/Input(1240) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average number of stops 0 0 0 0 
Vehicle # 865 866 863 851 
Total Stop 0.00 0.00 0.00 0.00 
Ramp/Meter On 
Average number of stops 0 0 0 0 
Vehicle # 322 322 320 314 
Total Vehicle # 1187 1188 1183 1165 
Total Stop 0.00 0.00 0.00 0.00 
Total Stop of Mainline & Ramp Meter On 0.00 0.00 0.00 0.00 
Mainline / Meter 
OFF 
Average number of stops 0 0 0 0 
Vehicle # 866 864 861 845 
Total Stop 0.00 0.00 0.00 0.00 
Ramp/Meter OFF 
Average number of stops 0 0 0 0 
Vehicle # 322 322 319 315 
Total Vehicle # 1188 1186 1180 1160 
Total Stop 0.00 0.00 0.00 0.00 
Total Stop of Mainline & Ramp Meter Off 0.00 0.00 0.00 0.00 
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Table A-12: (Case.4 Average number of stops) 
veh/Input(1754) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average number of stops 7 9 10 10 
Vehicle # 975 948 927 895 
Total Stop 6825.00 8532.00 9270.00 8950.00 
Ramp/Meter On 
Average number of stops 12 12 14 18 
Vehicle # 373 360 314 287 
Total Vehicle # 1348 1308 1241 1182 
Total Stop 4476.00 4320.00 4396.00 5166.00 
Total Stop of Mainline & Ramp Meter On 11301.00 12852.00 13666.00 14116.00 
Mainline / Meter 
OFF 
Average number of stops 8 9 11 12 
Vehicle # 956 931 927 880 
Total Stop 7648.00 8379.00 10197.00 10560.00 
Ramp/Meter 
OFF 
Average number of stops 11 13 15 17 
Vehicle # 398 361 316 302 
Total Vehicle # 1354 1292 1243 1182 
Total Stop 4378.00 4693.00 4740.00 5134.00 
Total Stop of Mainline & Ramp Meter Off 12026.00 13072.00 14937.00 15694.00 
 
 
 
Table A-13: (Case.5 Average number of stops) 
veh/Input(1954) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average number of stops 10 12 12 12 
Vehicle # 1063 996 962 928 
Total Stop 10630.00 11952.00 11544.00 11136.00 
Ramp/Meter On 
Average number of stops 17.00 21.00 21.00 22.00 
Vehicle # 294 296 272 253 
Total Vehicle # 1357 1292 1234 1181 
Total Stop 4998.00 6216.00 5712.00 5566.00 
Total Stop of Mainline & Ramp Meter On 15628.00 18168.00 17256.00 16702.00 
Mainline / Meter 
OFF 
Average number of stops 13 13 13 13 
Vehicle # 1023 991 947 912 
Total Stop 13299.00 12883.00 12311.00 11856.00 
Ramp/Meter 
OFF 
Average number of stops 16 17 21 21 
Vehicle # 347 310 295 268 
Total Vehicle # 1370 1301 1242 1180 
Total Stop 5552.00 5270.00 6195.00 5628.00 
Total Stop of Mainline & Ramp Meter Off 18851.00 18153.00 18506.00 17484.00 
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      Figure A-3 Total delay with meter cases (1, 2, 3 ,4 ,5) 
 
 
 
 
   Table A-14: (Case.6 Average number of stops) 
veh/Input(1240) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average number of stops 1 1 1 
Vehicle # 866 863 864 
Total Stops 866.00 863.00 864.00 
Ramp/Meter On 
Average number of stops 0 0 0 
Vehicle # 322 322 322 
Total Vehicle # 1188 1185 1186 
Total Stops 0.00 0.00 0.00 
Total Stops of Mainline & Ramp Meter On 866.00 863.00 864.00 
Mainline / Meter OFF 
Average number of stops 0 0 0 
Vehicle # 864 863 860 
Total stops 0.00 0.00 0.00 
Ramp/Meter OFF 
Average number of stops 0 0 0 
Vehicle # 322 322 320 
Total Vehicle # 1186 1185 1180 
Total Stops 0.00 0.00 0.00 
Total Stops of Mainline & Ramp Meter Off 0.00 0.00 0.00 
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Table A-15: (Case.7 Average number of stops) 
veh/Input(1754) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average number of stops 9 9 9 
Vehicle # 958 947 944 
Total Stops 8622.00 8523.00 8496.00 
Ramp/Meter On 
Average number of stops 12 12 12 
Vehicle # 342 334 325 
Total Vehicle # 1300 1281 1269 
Total Stops 4104.00 4008.00 3900.00 
Total Stops of Mainline & Ramp Meter On 12726.00 12531.00 12396.00 
Mainline / Meter OFF 
Average number of stops 8 11 11 
Vehicle # 961 936 932 
Total stops 7688.00 10296.00 10252.00 
Ramp/Meter OFF 
Average number of stops 11 12 12 
Vehicle # 345 348 349 
Total Vehicle # 1306 1284 1281 
Total Stops 3795.00 4176.00 4188.00 
Total Stops of Mainline & Ramp Meter Off 11483.00 14472.00 14440.00 
 
 
 
 Table A-16: (Case.8 Average number of stops) 
veh/Input(1854) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average number of stops 10 10 10 
Vehicle # 961 967 976 
Total Stops 9610.00 9670.00 9760.00 
Ramp/Meter On 
Average number of stops 12 14 14 
Vehicle # 322 316 307 
Total Vehicle # 1283 1283 1283 
Total Stops 3864.00 4424.00 4298.00 
Total Stops of Mainline & Ramp Meter On 13474.00 14094.00 14058.00 
Mainline / Meter 
OFF 
Average number of stops 12 12 12 
Vehicle # 943 955 964 
Total stops 11316.00 11460.00 11568.00 
Ramp/Meter OFF 
Average number of stops 13 16 16 
Vehicle # 347 331 316 
Total Vehicle # 1290 1286 1280 
Total Stops 4511.00 5296.00 5056.00 
Total Stops of Mainline & Ramp Meter Off 15827.00 16756.00 16624.00 
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      Figure A-4: Total delay with meter cases (6, 7, 8) 
 
 
Work Zone site number three MM128 
 
 Table A-17: (Case.1 Average number of stops) 
veh/Input(900) Mainline Truck% 10.00 20.00 30.00 40.00 
Mainline / Meter On 
Average number of stops 0.00 0.00 0.00 0.00 
Vehicle # 621.00 621.00 619.00 620.00 
Total Stop 0.00 0.00 0.00 0.00 
Ramp/Meter On 
Average number of stops 0.00 0.00 0.00 0.00 
Vehicle # 234.00 234.00 234.00 234.00 
Total Vehicle # 855.00 855.00 853.00 854.00 
Total Stop 0.00 0.00 0.00 0.00 
Total Stop of Mainline & Ramp Meter On 0.00 0.00 0.00 0.00 
Mainline / Meter 
OFF 
Average number of stops 0.00 0.00 0.00 0.00 
Vehicle # 624.00 624.00 624.00 624.00 
Total Stop 0.00 0.00 0.00 0.00 
Ramp/Meter OFF 
Average number of stops 0.00 0.00 0.00 0.00 
Vehicle # 237.00 237.00 237.00 237.00 
Total Vehicle # 861.00 861.00 861.00 861.00 
Total Stop 0.00 0.00 0.00 0.00 
Total Stop of Mainline & Ramp Meter Off 0.00 0.00 0.00 0.00 
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Table A-18: (Case.2 Average number of stops) 
veh/Input(1150) Mainline Truck% 10.00 20.00 30.00 40.00 
Mainline / Meter On 
Average number of stops 0.00 0.00 0.00 0.00 
Vehicle # 810.00 807.00 807.00 794.00 
Total Stop 0.00 0.00 0.00 0.00 
Ramp/Meter On 
Average number of stops 0.00 0.00 0.00 0.00 
Vehicle # 280.00 280.00 278.00 279.00 
Total Vehicle # 1090.00 1087.00 1085.00 1073.00 
Total Stop 0.00 0.00 0.00 0.00 
Total Stop of Mainline & Ramp Meter On 0.00 0.00 0.00 0.00 
Mainline / Meter 
OFF 
Average number of stops 0.00 0.00 0.00 0.00 
Vehicle # 818.00 815.00 810.00 807.00 
Total Stop 0.00 0.00 0.00 0.00 
Ramp/Meter OFF 
Average number of stops 0.00 0.00 0.00 0.00 
Vehicle # 283.00 283.00 281.00 279.00 
Total Vehicle # 1101.00 1098.00 1091.00 1086.00 
Total Stop 0.00 0.00 0.00 0.00 
Total Stop of Mainline & Ramp Meter Off 0.00 0.00 0.00 0.00 
 
 
 
 
Table A-19: (Case.3 Average number of stops) 
veh/Input(1240) Mainline Truck% 10.00 20.00 30.00 40.00 
Mainline / Meter 
On 
Average number of stops 0.00 0.00 0.00 0.00 
Vehicle # 857.00 847.00 837.00 831.00 
Total Stop 0.00 0.00 0.00 0.00 
Ramp/Meter On 
Average number of stops 0.00 0.00 0.00 0.00 
Vehicle # 315.00 315.00 312.00 312.00 
Total Vehicle # 1172.00 1162.00 1149.00 1143.00 
Total Stop 0.00 0.00 0.00 0.00 
Total Stop of Mainline & Ramp Meter On 0.00 0.00 0.00 0.00 
Mainline / Meter 
OFF 
Average number of stops 0.00 0.00 0.00 1.00 
Vehicle # 859.00 854.00 848.00 831.00 
Total Stop 0.00 0.00 0.00 831.00 
Ramp/Meter OFF 
Average number of stops 0.00 0.00 0.00 2.00 
Vehicle # 319.00 318.00 315.00 314.00 
Total Vehicle # 1178.00 1172.00 1163.00 1145.00 
Total Stop 0.00 0.00 0.00 628.00 
Total Stop of Mainline & Ramp Meter Off 0.00 0.00 0.00 1459.00 
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Table A-20: (Case.4 Average number of stops) 
veh/Input(1754) Mainline Truck% 10.00 20.00 30.00 40.00 
Mainline / Meter 
On 
Average number of stops 4.00 5.00 5.00 5.00 
Vehicle # 963.00 968.00 957.00 937.00 
Total Stop 3852.00 4840.00 4785.00 4685.00 
Ramp/Meter On 
Average number of stops 7.00 11.00 14.00 17.00 
Vehicle # 346.00 311.00 286.00 274.00 
Total Vehicle # 1309.00 1279.00 1243.00 1211.00 
Total Stop 2422.00 3421.00 4004.00 4658.00 
Total Stop of Mainline & Ramp Meter On 6274.00 8261.00 8789.00 9343.00 
Mainline / Meter 
OFF 
Average number of stops 7.00 7.00 7.00 7.00 
Vehicle # 955.00 953.00 953.00 919.00 
Total Stop 6685.00 6671.00 6671.00 6433.00 
Ramp/Meter 
OFF 
Average number of stops 10.00 11.00 14.00 15.00 
Vehicle # 354.00 334.00 300.00 288.00 
Total Vehicle # 1309.00 1287.00 1253.00 1207.00 
Total Stop 3540.00 3674.00 4200.00 4320.00 
Total Stop of Mainline & Ramp Meter Off 10225.00 10345.00 10871.00 10753.00 
 
 
 
Table A-21: (Case.5 Average number of stops) 
veh/Input(1954) Mainline Truck% 10.00 20.00 30.00 40.00 
Mainline / Meter 
On 
Average number of stops 7.00 7.00 7.00 7.00 
Vehicle # 1060.00 1041.00 1009.00 991.00 
Total Stop 7420.00 7287.00 7063.00 6937.00 
Ramp/Meter On 
Average number of stops 16.00 19.00 23.00 26.00 
Vehicle # 268.00 243.00 236.00 216.00 
Total Vehicle # 1328.00 1284.00 1245.00 1207.00 
Total Stop 4288.00 4617.00 5428.00 5616.00 
Total Stop of Mainline & Ramp Meter On 11708.00 11904.00 12491.00 12553.00 
Mainline / Meter 
OFF 
Average number of stops 9.00 9.00 8.00 8.00 
Vehicle # 1066.00 1031.00 1004.00 971.00 
Total Stop 9594.00 9279.00 8032.00 7768.00 
Ramp/Meter OFF 
Average number of stops 16.00 23.00 24.00 26.00 
Vehicle # 266.00 249.00 236.00 240.00 
Total Vehicle # 1332.00 1280.00 1240.00 1211.00 
Total Stop 4256.00 5727.00 5664.00 6240.00 
Total Stop of Mainline & Ramp Meter Off 13850.00 15006.00 13696.00 14008.00 
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Figure A-5: Total delay with meter cases (1, 2, 3, 4, and 5) 
 
     
 
 
       Table A-22: (Case.6 Average number of stops) 
veh/Input(1240) Ramp Truck% 10 15 20 
Mainline / Meter 
On 
Average number of stops 0 0 0 
Vehicle # 845 842 843 
Total Stop 0.00 0.00 0.00 
Ramp/Meter On 
Average number of stops 0 0 0 
Vehicle # 315 313 311 
Total Vehicle # 1160 1155 1154 
Total Stop 0.00 0.00 0.00 
Total Stop of Mainline & Ramp Meter On 0.00 0.00 0.00 
Mainline / Meter 
OFF 
Average number of stops 0 0 0 
Vehicle # 859 859 858 
Total Stop 0.00 0.00 0.00 
Ramp/Meter 
OFF 
Average number of stops 0 0 0 
Vehicle # 319 320 320 
Total Vehicle # 1178 1179 1178 
Total Stop 0.00 0.00 0.00 
Total Stop of Mainline & Ramp Meter Off 0.00 0.00 0.00 
 
-120.00
-100.00
-80.00
-60.00
-40.00
-20.00
0.00
Case.1 Case.2 Case.3 Case.4 Case.5
S
to
p
  
(%
) 
Mainline Truck % 
Total Stops with Meter 
10.00
20.00
30.00
40.00
 143 
 
 
      Table A-23: (Case.7 Average number of stops) 
veh/Input(1754) Ramp Truck% 10 15 20 
Mainline / Meter 
On 
Average number of stops 5 5 5 
Vehicle # 968 961 976 
Total Stop 4840.00 4805.00 4880.00 
Ramp/Meter On 
Average number of stops 11 12 12 
Vehicle # 311 314 309 
Total Vehicle # 1279 1275 1285 
Total Stop 3421.00 3768.00 3708.00 
Total Stop of Mainline & Ramp Meter On 8261.00 8573.00 8588.00 
Mainline / Meter 
OFF 
Average number of stops 6 7 7 
Vehicle # 953 968 968 
Total Stop 5718.00 6776.00 6776.00 
Ramp/Meter OFF 
Average number of stops 11 12 12 
Vehicle # 326 308 308 
Total Vehicle # 1279 1276 1276 
Total Stop 3586.00 3696.00 3696.00 
Total Stop of Mainline & Ramp Meter Off 9304.00 10472.00 10472.00 
 
 
 
 
    Table A-24: (Case.8 Average number of stops) 
veh/Input(1854) Ramp Truck% 10 15 20 
Mainline / Meter 
On 
Average number of stops 6 6 6 
Vehicle # 961 967 976 
Total Stop 5766.00 5802.00 5856.00 
Ramp/Meter On 
Average number of stops 12 12 12 
Vehicle # 322 316 307 
Total Vehicle # 1283 1283 1283 
Total Stop 3864.00 3792.00 3684.00 
Total Stop of Mainline & Ramp Meter On 9630.00 9594.00 9540.00 
Mainline / Meter 
OFF 
Average number of stops 7 7 7 
Vehicle # 943 955 964 
Total Stop 6601.00 6685.00 6748.00 
Ramp/Meter 
OFF 
Average number of stops 14 14 14 
Vehicle # 347 331 316 
Total Vehicle # 1290 1286 1280 
Total Stop 4858.00 4634.00 4424.00 
Total Stop of Mainline & Ramp Meter Off 11459.00 11319.00 11172.00 
 
 
 144 
 
 
 
Figure A-6: Total delay with meter cases (6, 7, and 8) 
 
 
Work Zone Site Number Four Hwy 63 Right lane Closed 
 
   Table A-25: (Case.1 Average number of stops) 
veh/Input(900) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average number of stops 0 0 0 0 
Vehicle # 635 635 635 635 
Total Stops 0.00 0.00 0.00 0.00 
Ramp/Meter On 
Average number of stops 0 0 0 0 
Vehicle # 248 248 248 248 
Total Vehicle # 883 883 883 883 
Total Stops 0.00 0.00 0.00 0.00 
Total Stops of Mainline & Ramp Meter On 0.00 0.00 0.00 0.00 
Mainline / Meter 
OFF 
Average number of stops 0 0 0 0 
Vehicle # 635 635 635 635 
Total stops 0.00 0.00 0.00 0.00 
Ramp/Meter OFF 
Average number of stops 0 0 0 0 
Vehicle # 248 248 248 248 
Total Vehicle # 883 883 883 883 
Total Stops 0.00 0.00 0.00 0.00 
Total Stops of Mainline & Ramp Meter Off 0.00 0.00 0.00 0.00 
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     Table A-26: (Case.2 Average number of stops) 
veh/Input(1150) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average number of stops 0 0 0 0 
Vehicle # 782 781 780 777 
Total Stops 0.00 0.00 0.00 0.00 
Ramp/Meter On 
Average number of stops 0 0 0 0 
Vehicle # 340 340 340 340 
Total Vehicle # 1122 1121 1120 1117 
Total Stops 0.00 0.00 0.00 0.00 
Total Stops of Mainline & Ramp Meter On 0.00 0.00 0.00 0.00 
Mainline / Meter 
OFF 
Average number of stops 0 0 0 0 
Vehicle # 784 788 778 777 
Total stops 0.00 0.00 0.00 0.00 
Ramp/Meter OFF 
Average number of stops 0 0 0 0 
Vehicle # 340 344 341 343 
Total Vehicle # 1124 1132 1119 1120 
Total Stops 0.00 0.00 0.00 0.00 
Total Stops of Mainline & Ramp Meter Off 0.00 0.00 0.00 0.00 
 
 
 
Table A-27: (Case.3 Average number of stops) 
veh/Input(1240) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average number of stops 0 0 1 2 
Vehicle # 874 871 867 846 
Total Stops 0.00 0.00 867.00 1692.00 
Ramp/Meter On 
Average number of stops 0 1 1 2 
Vehicle # 327 326 323 317 
Total Vehicle # 1201 1197 1190 1163 
Total Stops 0.00 326.00 323.00 634.00 
Total Stops of Mainline & Ramp Meter On 0.00 326.00 1190.00 2326.00 
Mainline / Meter 
OFF 
Average number of stops 0 0 0 0 
Vehicle # 878 873 872 855 
Total stops 0.00 0.00 0.00 0.00 
Ramp/Meter OFF 
Average number of stops 0 0 0 0 
Vehicle # 339 331 330 321 
Total Vehicle # 1217 1204 1202 1176 
Total Stops 0.00 0.00 0.00 0.00 
Total Stops of Mainline & Ramp Meter Off 0.00 0.00 0.00 0.00 
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Table A-28: (Case.3 Average number of stops) 
veh/Input(1754) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average number of stops 6 6 6 5 
Vehicle # 1053 1005 962 953 
Total Stops 6318.00 6030.00 5772.00 4765.00 
Ramp/Meter On 
Average number of stops 14 16 19 21 
Vehicle # 344 318 280 248 
Total Vehicle # 1397 1323 1242 1201 
Total Stops 4816.00 5088.00 5320.00 5208.00 
Total Stops of Mainline & Ramp Meter On 11134.00 11118.00 11092.00 9973.00 
Mainline / Meter 
OFF 
Average number of stops 6 7 7 7 
Vehicle # 1071 999 969 955 
Total stops 6426.00 6993.00 6783.00 6685.00 
Ramp/Meter OFF 
Average number of stops 12 16 19 20 
Vehicle # 335 272 250 254 
Total Vehicle # 1406 1271 1219 1209 
Total Stops 4020.00 4352.00 4750.00 5080.00 
Total Stops of Mainline & Ramp Meter Off 10446.00 11345.00 11533.00 11765.00 
 
 
 
 
Table A-29: (Case.4 Average number of stops) 
veh/Input(1954) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average number of stops 7 7 8 8 
Vehicle # 1081 1032 993 940 
Total Stops 7567.00 7224.00 7944.00 7520.00 
Ramp/Meter On 
Average number of stops 18 23 24 24 
Vehicle # 315 272 250 254 
Total Vehicle # 1396 1304 1243 1194 
Total Stops 5670.00 6256.00 6000.00 6096.00 
Total Stops of Mainline & Ramp Meter On 13237.00 13480.00 13944.00 13616.00 
Mainline / Meter 
OFF 
Average number of stops 7 7 7 7 
Vehicle # 1098 1051 1025 944 
Total stops 7686.00 7357.00 7175.00 6608.00 
Ramp/Meter OFF 
Average number of stops 16 23 26 26 
Vehicle # 307 264 275 266 
Total Vehicle # 1405 1315 1300 1210 
Total Stops 4912.00 6072.00 7150.00 6916.00 
Total Stops of Mainline & Ramp Meter Off 12598.0 13429.0 14325.0 13524.0 
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Figure A-7: Total delay with meter cases (1, 2, 3, 4, 5) 
 
 
   Table A-30: (Case.6 Average number of stops) 
veh/Input(1240) Ramp Truck% 10 15 20 
Mainline / Meter 
On 
Average number of stops 0 0 0 
Vehicle # 871 872 870 
Total Stops 0.00 0.00 0.00 
Ramp/Meter On 
Average number of stops 0 0 0 
Vehicle # 326 321 320 
Total Vehicle # 1197 1193 1190 
Total Stops 0.00 0.00 0.00 
Total Stops of Mainline & Ramp Meter On 0.00 0.00 0.00 
Mainline / Meter 
OFF 
Average number of stops 0 0 0 
Vehicle # 889 875 873 
Total stops 0.00 0.00 0.00 
Ramp/Meter OFF 
Average number of stops 0 0 0 
Vehicle # 330 320 319 
Total Vehicle # 1219 1195 1192 
Total Stops 0.00 0.00 0.00 
Total Stops of Mainline & Ramp Meter Off 0.00 0.00 0.00 
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Table A-31: (Case.7 Average number of stops) 
veh/Input(1754) Ramp Truck% 10 15 20 
Mainline / Meter 
On 
Average number of stops 6 6 6 
Vehicle # 1005 1020 1015 
Total Stops 6030.00 6120.00 6090.00 
Ramp/Meter On 
Average number of stops 16 16 18 
Vehicle # 318 270 273 
Total Vehicle # 1323 1290 1288 
Total Stops 5088.00 4320.00 4914.00 
Total Stops of Mainline & Ramp Meter On 11118.00 10440.00 11004.00 
Mainline / Meter 
OFF 
Average number of stops 6 7 7 
Vehicle # 1071 1029 1063 
Total stops 6426.00 7203.00 7441.00 
Ramp/Meter OFF 
Average number of stops 12 13 14 
Vehicle # 321 345 382 
Total Vehicle # 1392 1374 1445 
Total Stops 3852.00 4485.00 5348.00 
Total Stops of Mainline & Ramp Meter Off 10278.00 11688.00 12789.00 
 
 
 
 
Table A-32: (Case.8 Average number of stops) 
veh/Input(1854) Ramp Truck% 10 15 20 
Mainline / Meter 
On 
Average number of stops 7 7 7 
Vehicle # 1049 1017 995 
Total Stops 7343.00 7119.00 6965.00 
Ramp/Meter On 
Average number of stops 21 21 21 
Vehicle # 289 248 248 
Total Vehicle # 1338 1265 1243 
Total Stops 6069.00 5208.00 5208.00 
Total Stops of Mainline & Ramp Meter On 13412.00 12327.00 12173.00 
Mainline / Meter 
OFF 
Average number of stops 7 7 7 
Vehicle # 1051 1042 1043 
Total stops 7357.00 7294.00 7301.00 
Ramp/Meter OFF 
Average number of stops 13 18 18 
Vehicle # 323 316 319 
Total Vehicle # 1374 1358 1362 
Total Stops 4199.00 5688.00 5742.00 
Total Stops of Mainline & Ramp Meter Off 11556.00 12982.00 13043.00 
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Figure A-8: Total delay with meter cases (6, 7, and 8) 
 
 
 
Work Zone Site Number five Hwy 63 Left Lane closed 
 
Table A-33: (Case.1 Average number of stops) 
veh/Input(900) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average number of stops 0 0 0 0 
Vehicle # 635 635 635 633 
Total Stops 0.00 0.00 0.00 0.00 
Ramp/Meter On 
Average number of stops 0 0 0 0 
Vehicle # 248 248 248 248 
Total Vehicle # 883 883 883 881 
Total Stops 0.00 0.00 0.00 0.00 
Total Stops of Mainline & Ramp Meter On 0.00 0.00 0.00 0.00 
Mainline / Meter 
OFF 
Average number of stops 0 0 0 0 
Vehicle # 635 635 635 635 
Total stops 0.00 0.00 0.00 0.00 
Ramp/Meter OFF 
Average number of stops 0 0 0 0 
Vehicle # 248 248 248 248 
Total Vehicle # 883 883 883 883 
Total Stops 0.00 0.00 0.00 0.00 
Total Stops of Mainline & Ramp Meter Off 0.00 0.00 0.00 0.00 
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Table A-34: (Case.2 Average number of stops) 
veh/Input(1150) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average number of stops 0 0 0 0 
Vehicle # 828 828 828 828 
Total Stops 0.00 0.00 0.00 0.00 
Ramp/Meter On 
Average number of stops 0 0 0 0 
Vehicle # 295 295 295 295 
Total Vehicle # 1123 1123 1123 1123 
Total Stops 0.00 0.00 0.00 0.00 
Total Stops of Mainline & Ramp Meter On 0.00 0.00 0.00 0.00 
Mainline / Meter 
OFF 
Average number of stops 0 0 0 0 
Vehicle # 829 829 829 827 
Total stops 0.00 0.00 0.00 0.00 
Ramp/Meter OFF 
Average number of stops 0 0 0 0 
Vehicle # 296 296 295 294 
Total Vehicle # 1125 1125 1124 1121 
Total Stops 0.00 0.00 0.00 0.00 
Total Stops of Mainline & Ramp Meter Off 0.00 0.00 0.00 0.00 
 
 
Table A-35: (Case.3 Average number of stops) 
veh/Input(1240) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average number of stops 0 0 1 2 
Vehicle # 875 873 866 852 
Total Stops 0.00 0.00 866.00 1704.00 
Ramp/Meter On 
Average number of stops 0 1 1 1 
Vehicle # 328 326 325 322 
Total Vehicle # 1203 1199 1191 1174 
Total Stops 0.00 326.00 325.00 322.00 
Total Stops of Mainline & Ramp Meter On 0.00 326.00 1191.00 2026.00 
Mainline / Meter OFF 
Average number of stops 0 0 0 1 
Vehicle # 874 874 870 847 
Total stops 0.00 0.00 0.00 847.00 
Ramp/Meter OFF 
Average number of stops 0 0 0 1 
Vehicle # 329 329 329 319 
Total Vehicle # 1203 1203 1199 1166 
Total Stops 0.00 0.00 0.00 319.00 
Total Stops of Mainline & Ramp Meter Off 0.00 0.00 0.00 1166.00 
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Table A-36: (Case.4 Average number of stops) 
veh/Input(1754) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average number of stops 7 7 8 8 
Vehicle # 1023 978 898 867 
Total Stops 7161.00 6846.00 7184.00 6936.00 
Ramp/Meter On 
Average number of stops 11 13 13 15 
Vehicle # 387 349 353 338 
Total Vehicle # 1410 1327 1251 1205 
Total Stops 4257.00 4537.00 4589.00 5070.00 
Total Stops of Mainline & Ramp Meter On 11418.00 11383.00 11773.00 12006.00 
Mainline / Meter 
OFF 
Average number of stops 22.5 21.7 20.6 19.2 
Vehicle # 980 887 887 865 
Total stops 22050.00 19247.90 18272.20 16608.00 
Ramp/Meter 
OFF 
Average number of stops 9 10 11 13 
Vehicle # 426 375 369 328 
Total Vehicle # 1406 1262 1256 1193 
Total Stops 3834.00 3750.00 4059.00 4264.00 
Total Stops of Mainline & Ramp Meter Off 25884.00 22997.90 22331.20 20872.00 
 
 
 
Table A-37: (Case.5 Average number of stops) 
veh/Input(1954) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average number of stops 8 8 9 9 
Vehicle # 972 973 887 876 
Total Stops 7776.00 7784.00 7983.00 7884.00 
Ramp/Meter On 
Average number of stops 12 12 17 17 
Vehicle # 442 362 388 331 
Total Vehicle # 1414 1335 1275 1207 
Total Stops 5304.00 4344.00 6596.00 5627.00 
Total Stops of Mainline & Ramp Meter On 13080.00 12128.00 14579.00 13511.00 
Mainline / Meter 
OFF 
Average number of stops 9 9 9 10 
Vehicle # 1000 972 927 907 
Total stops 9000 8748 8343 9070 
Ramp/Meter OFF 
Average number of stops 12 16 16 16 
Vehicle # 414 363 333 333 
Total Vehicle # 1414 1335 1260 1240 
Total Stops 4968.00 5808.00 5328.00 5328.00 
Total Stops of Mainline & Ramp Meter Off 13968.00 14556.00 13671.00 14398.00 
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Figure A-9: Total delay with meter cases (1, 2, 3, 4 and 5) 
 
 
 
       Table A-38: (Case.6 Average number of stops) 
veh/Input(1240) Ramp Truck% 10 15 20 
Mainline / Meter 
On 
Average number of stops 0 0 0 
Vehicle # 873 873 871 
Total Stops 0.00 0.00 0.00 
Ramp/Meter On 
Average number of stops 10 12 12 
Vehicle # 327 327 327 
Total Vehicle # 1200 1200 1198 
Total Stops 0.91 1.09 1.09 
Total Stops of Mainline & Ramp Meter On 0.91 1.09 1.09 
Mainline / Meter 
OFF 
Average number of stops 0 0 0 
Vehicle # 875 875 864 
Total stops 0.00 0.00 0.00 
Ramp/Meter OFF 
Average number of stops 0 0 0 
Vehicle # 335 330 327 
Total Vehicle # 1210 1205 1191 
Total Stops 0.00 0.00 0.00 
Total Stops of Mainline & Ramp Meter Off 0.00 0.00 0.00 
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    Table A-39: (Case.7 Average number of stops) 
veh/Input(1754) Ramp Truck% 10 15 20 
Mainline / Meter 
On 
Average number of stops 8 8 8 
Vehicle # 956 960 969 
Total Stops 7648.00 7680.00 7752.00 
Ramp/Meter On 
Average number of stops 10 12 10 
Vehicle # 285 365 359 
Total Vehicle # 1241 1325 1328 
Total Stops 2850.00 4380.00 3590.00 
Total Stops of Mainline & Ramp Meter On 10498.00 12060.00 11342.00 
Mainline / Meter 
OFF 
Average number of stops 8 8 8 
Vehicle # 954 962 982 
Total stops 7632.00 7696.00 7856.00 
Ramp/Meter OFF 
Average number of stops 13 13 13 
Vehicle # 364 329 361 
Total Vehicle # 1318 1291 1343 
Total Stops 4732.00 4277.00 4693.00 
Total Stops of Mainline & Ramp Meter Off 12364.00 11973.00 12549.00 
 
 
 
     Table A-40: (Case.8 Average number of stops) 
veh/Input(1854) Ramp Truck% 10 15 20 
Mainline / Meter 
On 
Average number of stops 8 8 8 
Vehicle # 961 967 976 
Total Stops 7688.00 7736.00 7808.00 
Ramp/Meter On 
Average number of stops 12 14 14 
Vehicle # 322 316 307 
Total Vehicle # 1283 1283 1283 
Total Stops 3864.00 4424.00 4298.00 
Total Stops of Mainline & Ramp Meter On 11552.00 12160.00 12106.00 
Mainline / Meter 
OFF 
Average number of stops 8 9 9 
Vehicle # 943 955 964 
Total stops 7544.00 8595.00 8676.00 
Ramp/Meter 
OFF 
Average number of stops 14 14 14 
Vehicle # 347 331 316 
Total Vehicle # 1290 1286 1280 
Total Stops 4858.00 4634.00 4424.00 
Total Stops of Mainline & Ramp Meter Off 12402.00 13229.00 13100.00 
 
 
 
 154 
 
 
Figure A-10: Total delay with meter cases (6, 7, and 8) 
 
Appendix B Average Speed 
 
Work zone site One I-70 MM125 
 
 
   Table B-1: (Case.1 Average number of stops) 
veh/Input(900) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average Speed(mph) 48 48 48 48 
Vehicle # 647 647 647 647 
Mainline / Meter 
OFF 
Average Speed(mph) 48.6 48.6 48.6 48.6 
Vehicle # 647 647 647 647 
 
 
    Table B-2: (Case.2 Average number of stops) 
veh/Input(1150) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average 
Speed(mph) 
47.5 47.5 47.4 47.3 
Vehicle # 792 792 789 790 
Mainline / Meter 
OFF 
Average 
Speed(mph) 
47.9 47.8 47.7 47.6 
Vehicle # 792 790 790 785 
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Table B-3: (Case.3 Average number of stops) 
veh/Input(1240) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average 
Speed(mph) 
47.5 44.3 36.5 31.7 
Vehicle # 891 884 879 853 
Mainline / Meter 
OFF 
Average 
Speed(mph) 
47.9 44 37.2 31.5 
Vehicle # 890 886 883 856 
 
 
 
 Table B-4: (Case.4 Average number of stops) 
veh/Input(1754) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average 
Speed(mph) 
18.2 16.6 15 13.7 
Vehicle # 973 910 826 827 
Mainline / Meter 
OFF 
Average 
Speed(mph) 
17.2 15 13.5 12 
Vehicle # 1013 929 832 818 
 
 
  Table B-5: (Case.5 Average number of stops) 
veh/Input(1954) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average 
Speed(mph) 
12.4 12.4 12.2 12 
Vehicle # 975 951 855 860 
Mainline / Meter OFF 
Average 
Speed(mph) 
12 12 11.5 10.74 
Vehicle # 968 912 892 863 
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Figure B-1: Average Speed with meter cases (1, 2, 3, 4 and 5) 
 
 
 
 
    Table B-6: (Case.6 Average number of stops) 
veh/Input(1240) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Speed(mph) 47.5 47.5 47.4 
Vehicle # 886 883 882 
Mainline / Meter OFF 
Average Speed(mph) 47.9 47.9 47.9 
Vehicle # 886 887 886 
 
     Table B-7: (Case.7 Average number of stops) 
veh/Input(1754) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Speed(mph) 15.3 15.2 15.1 
Vehicle # 949 926 966 
Mainline / Meter OFF 
Average Speed(mph) 15.3 15.5 14.5 
Vehicle # 929 886 961 
 
     Table B-8: (Case.8 Average number of stops) 
veh/Input(1854) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Speed(mph) 15 15 14.8 
Vehicle # 899 935 942 
Mainline / Meter OFF 
Average Speed(mph) 14.3 14.3 14.3 
Vehicle # 852 912 864 
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Figure B-2: Average Speed with meter cases (6, 7, and 5) 
 
 
 
 
Work zone site Two I-70 MM126 
 
 
   Table B-9: (Case.1 Average Speed) 
veh/Input(900) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average Speed(mph) 51 51 51 50.8 
Vehicle # 627 627 627 627 
Mainline / Meter 
OFF 
Average Speed(mph) 49.7 49.7 49.7 49.7 
Vehicle # 627 627 627 627 
 
 
 
Table B-10: (Case.2 Average Speed) 
veh/Input(1150) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average Speed(mph) 50.6 50.4 50.4 50.3 
Vehicle # 821 816 815 817 
Mainline / Meter 
OFF 
Average Speed(mph) 49.4 49.4 49.3 49.2 
Vehicle # 817 817 817 818 
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   Table B-11: (Case.3 Average Speed) 
veh/Input(1240) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average Speed(mph) 50.3 50.2 50 50 
Vehicle # 865 866 863 851 
Mainline / Meter 
OFF 
Average Speed(mph) 49 49 49 49 
Vehicle # 866 864 861 845 
Total Delay(Hour) 11.79 11.76 11.72 11.50 
 
 
 
   Table B-12: (Case.3 Average Speed) 
veh/Input(1754) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average Speed (mph) 45.8 40 35 29 
Vehicle # 975 948 927 895 
Mainline / Meter 
OFF 
Average Speed (mph) 43 39 36 28 
Vehicle # 956 931 927 880 
 
 
 
 
 
  Table B-13: (Case.4 Average Speed) 
veh/Input(1954) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average Speed (mph) 33 31 29 27 
Vehicle # 1063 996 962 928 
Mainline / Meter 
OFF 
Average Speed (mph) 31 29 27 25 
Vehicle # 1023 991 947 912 
 
 
 
 159 
 
 
Figure B-3: Average Speed with meter cases (1, 2, 3, 4 and 5) 
 
 
 
Table B-14: (Case.6 Average Speed) 
veh/Input(1240) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Speed(mph) 50.3 50.3 50.3 
Vehicle # 866 863 864 
Mainline / Meter OFF 
Average Speed (mph) 49 49 49 
Vehicle # 864 863 860 
 
 
 
 
 
 
 
 
Table B-15: (Case.7 Average Speed) 
veh/Input(1754) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Speed(mph) 37.3 37.3 37 
Vehicle # 958 947 944 
Mainline / Meter OFF 
Average Speed(mph) 34 33.6 33.4 
Vehicle # 961 936 932 
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       Table B-16: (Case.8 Average Speed) 
veh/Input(1854) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Speed(mph) 36.3 36.3 36 
Vehicle # 961 967 976 
Mainline / Meter OFF 
Average Speed(mph) 29.8 28.7 28.6 
Vehicle # 943 955 964 
 
 
 
     Figure B-4: Average Speed with meter cases (6, 7, and 5) 
 
 
 
Work Zone Site Three I-70MM128 
 
 
Table B-17: (Case.1 Average Speed) 
veh/Input(900) Mainline Truck% 10.00 20.00 30.00 40.00 
Mainline / Meter On 
Average Speed(mph) 54.00 54.00 54.00 54.00 
Vehicle # 621.00 621.00 619.00 620.00 
Mainline / Meter 
OFF 
Average Speed(mph) 54.00 54.00 54.00 54.00 
Vehicle # 624.00 624.00 624.00 624.00 
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   Table B-18: (Case.2 Average Speed) 
veh/Input(1150) Mainline Truck% 10.00 20.00 30.00 40.00 
Mainline / Meter 
On 
Average Speed(mph) 53.00 53.00 53.00 53.00 
Vehicle # 810.00 807.00 807.00 794.00 
Mainline / Meter 
OFF 
Average Speed(mph) 54.00 54.00 54.00 54.00 
Vehicle # 818.00 815.00 810.00 807.00 
 
 
Table B-19: (Case.3 Average Speed) 
veh/Input(1240) Mainline Truck% 10.00 20.00 30.00 40.00 
Mainline / Meter 
On 
Average Speed(mph) 53.00 53.00 53.00 53.00 
Vehicle # 857.00 847.00 837.00 831.00 
Mainline / Meter 
OFF 
Average Speed(mph) 54.00 54.00 54.00 54.00 
Vehicle # 859.00 854.00 848.00 831.00 
 
 
Table B-20: (Case.4 Average Speed) 
veh/Input(1754) Mainline Truck% 10.00 20.00 30.00 40.00 
Mainline / Meter On 
Average Speed(mph) 48.00 44.00 39.00 35.00 
Vehicle # 963.00 968.00 957.00 937.00 
Mainline / Meter 
OFF 
Average Speed (mph) 42.00 39.00 35.00 33.00 
Vehicle # 955.00 953.00 953.00 919.00 
 
 
 
 
Table B-21: (Case.5 Average Speed) 
veh/Input(1954) Mainline Truck% 10.00 20.00 30.00 40.00 
Mainline / Meter 
On 
Average Speed(mph) 35.00 33.00 31.00 29.00 
Vehicle # 
1060.0
0 
1041.0
0 
1009.0
0 
991.00 
Mainline / Meter 
OFF 
Average Speed(mph) 32.00 30.00 29.00 27.00 
Vehicle # 
1066.0
0 
1031.0
0 
1004.0
0 
971.00 
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Figure B-5: Average Speed with meter cases (1, 2, 3, 4 and 5) 
 
 
   Table B-22: (Case.6 Average Speed) 
veh/Input(1240) Ramp Truck% 10 15 20 
Mainline / Meter 
On 
Average Speed(mph) 50.5 50.5 50 
Vehicle # 845 842 843 
Mainline / Meter 
OFF 
Average Speed(mph) 16 17 18 
Vehicle # 50 49.8 49 
 
 
       Table B-23: (Case.7 Average Speed) 
veh/Input(1754) Ramp Truck% 10 15 20 
Mainline / Meter 
On 
Average Speed(mph) 43 42 40 
Vehicle # 968 961 976 
Mainline / Meter 
OFF 
Average Speed(mph) 39 38.5 38 
Vehicle # 953 968 968 
 
 
     Table B-24: (Case.8 Average Speed) 
veh/Input(1854) Ramp Truck% 10 15 20 
Mainline / Meter 
On 
Average Speed(mph) 41 40 39 
Vehicle # 961 967 976 
Mainline / Meter 
OFF 
Average Speed(mph) 33.5 33 32 
Vehicle # 943 955 964 
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Figure B-6: Average Speed with meter cases (6, 7, and 5) 
 
 
Work zone site Four Hwy 63(right lane closed) 
 
 
 
 Table B-25: (Case.1 Average Speed) 
veh/Input(900) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average Speed(mph) 51 51 51 51 
Vehicle # 635 635 635 635 
Mainline / Meter 
OFF 
Average Speed (mph) 51 51 49.6 49 
Vehicle # 635 635 635 635 
 
 
     
 Table B-26: (Case.2 Average Speed) 
veh/Input(1150) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average 
Speed(mph) 
50.7 50.6 50.6 50.5 
Vehicle # 782 781 780 777 
Mainline / Meter OFF 
Average 
Speed(mph) 
50.9 50.8 50.8 50.7 
Vehicle # 784 788 778 777 
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Table B-27: (Case.3 Average Speed) 
veh/Input(1240) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average Speed(mph) 50.6 49.7 49.3 48.7 
Vehicle # 874 871 867 846 
Mainline / Meter 
OFF 
Average Speed(mph) 50.6 50.3 50 50 
Vehicle # 878 873 872 855 
 
 
 
   Table B-28: (Case.4 Average Speed) 
veh/Input(1754) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average Speed(mph) 22.7 21.4 20.5 19.8 
Vehicle # 1053 1005 962 953 
Mainline / Meter OFF 
Average Speed(mph) 23.3 22 21.8 19.2 
Vehicle # 1071 999 969 955 
 
 
 
Table B-29: (Case.5 Average Speed) 
veh/Input(1954) Mainline Truck% 10 20 30 40 
Mainline / Meter On 
Average Speed(mph) 18.5 18.5 18.5 18.5 
Vehicle # 1081 1032 993 940 
Mainline / Meter OFF 
Average Speed (mph) 19.6 19 18.2 17.8 
Vehicle # 1098 1051 1025 944 
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Figure B-7: Average Speed with meter cases (1, 2, 3, 4 and 5) 
 
 
 
 
 
    Table B-30: (Case.6 Average Speed) 
veh/Input(1240) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Speed (mph) 50.5 50.5 50.5 
Vehicle # 871 872 870 
Mainline / Meter OFF 
Average Speed (mph) 50.5 50.5 50.5 
Vehicle # 889 875 873 
 
 
 
 
 Table B-31: (Case.7 Average Speed) 
veh/Input(1754) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Speed (mph) 22 21.85 21.6 
Vehicle # 1005 1020 1015 
Mainline / Meter OFF 
Average Speed (mph) 22 21 21 
Vehicle # 1071 1029 1063 
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Table B-32: (Case.8 Average Speed) 
veh/Input(1854) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Speed (mph) 21.3 20.7 20.4 
Vehicle # 1049 1017 995 
Mainline / Meter OFF 
Average Speed (mph) 19 19 18.9 
Vehicle # 1051 1042 1043 
 
 
 
 
Figure B-8: Average Speed with meter cases (6, 7 and 8) 
 
 
Work Zone Site Five Hwy 63(Left lane closed) 
 
 
 
 Table B-33: (Case.1 Average Speed) 
veh/Input(900) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average 
Speed(mph) 
51.4 51.2 51.2 51 
Vehicle # 635 635 635 633 
Mainline / Meter 
OFF 
Average 
Speed(mph) 
51.3 51.3 51.3 51.3 
Vehicle # 635 635 635 635 
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    Table B-34: (Case.2 Average Speed) 
veh/Input(1150) Mainline Truck% 10 20 30 40 
Mainline / Meter 
On 
Average 
Speed(mph) 
50.7 50.6 50.6 50.5 
Vehicle # 828 828 828 828 
Mainline / Meter 
OFF 
Average 
Speed(mph) 
50.9 50.8 50.5 50.7 
Vehicle # 829 829 829 827 
 
 
 
 
 
Table B-35: (Case.3 Average Speed) 
veh/Input(1240) Mainline Truck% 10 20 30 40 
Mainline / Meter On Average Speed(mph) 50.6 50 49.3 48.7 
 
Vehicle # 875 873 866 852 
Mainline / Meter 
OFF 
Average Speed(mph) 50.6 50.5 50.4 50.4 
Vehicle # 874 874 870 847 
 
 
 
 
  Table B-36: (Case.4 Average Speed) 
veh/Input(1754) Mainline Truck% 10 20 30 40 
Mainline / Meter On Average Speed (mph) 23.4 22 21 19.8 
 
Vehicle # 1023 978 898 867 
Mainline / Meter 
OFF 
Average Speed (mph) 22.5 21.7 20.6 19.2 
Vehicle # 980 887 887 865 
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Table B-37: (Case.5 Average Speed) 
veh/Input(1954) Mainline Truck% 10 20 30 40 
Mainline / Meter On Average Speed (mph) 18.5 18.5 18.5 18.5 
 
Vehicle # 972 973 887 876 
Mainline / Meter OFF 
Average Speed (mph) 18 17.8 17.4 17 
Vehicle # 1000 972 927 907 
 
 
 
 
 
    Figure B-9: Average Speed with meter cases (1, 2, 3, 4 and 5) 
 
 
     Table B-38: (Case.6 Average Speed) 
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Mainline / Meter On 
Average Speed (mph) 50.5 50.5 50.5 
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Average Speed (mph) 50.3 50.3 50.3 
Vehicle # 875 875 864 
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Table B-39: (Case.7Average Speed) 
veh/Input(1754) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Speed (mph) 20.45 20.45 20.45 
Vehicle # 956 960 969 
Mainline / Meter OFF 
Average Speed (mph) 20.4 20.4 20.4 
Vehicle # 954 962 982 
 
 
 
        Table B-40: (Case.8 Average Speed) 
veh/Input(1854) Ramp Truck% 10 15 20 
Mainline / Meter On 
Average Speed (mph) 21.3 21 20.4 
Vehicle # 961 967 976 
Mainline / Meter OFF 
Average Speed (mph) 19 19 18.8 
Vehicle # 943 955 964 
 
 
 
 
 
 170 
 
 
 
Figure B-10: Average Speed with meter cases (6, 7 and 8) 
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